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In this paper thab initio potential of mean force for the formic acid—water system is calculated in

a Monte Carlo simulation using a classical fluctuating charge molecular mechanics potential to
guide Monte Carlo updates. Thab initio energies in the simulation are calculated using
density-functional theoryDFT) methods recently developed by Salakital.[J. Chem. Physl07,

6770 (1997] to describe hydrogen-bonded systems. Importance sampling methods are used to
investigate structural changes and it is demonstrated that using a molecular mechanics importance
function can improve the efficiency of a DFT simulation by several orders of magnitude. Monte
Carlo simulation of the system in a canonical ensemble=aB00 K reveals two chemical processes

at intermediate time scales: The rotation of th®Hbonded to HCOOH, which takes place on a time
scale of 3 ps, and the dissociation of the complex which occurs in 24 ps. It is shown that these are
the only important structural “reactions” in the formic acid—water cluster which take place on a
time scale shorter than the double transfer of the proton.2000 American Institute of Physics.
[S0021-960600)50936-2

I. INTRODUCTION evident when one cannot constrain all fast degrees of free-

The calculation of approximate rate constants via tran:sig_c_)rn dug to Important coupling _Of the fast motions to quan-
tion state theory(TST) can be done in the framework of tities of interest in the study. It is generally very difficult to
molecular simulations using Monte CarléMC) and correctly sample multimodal distributions corresponding to
molecular-dynamics(MD) techniques. Molecular simula- €nergy surfaces where several minima are separated by re-
tions with classical potentials are very fast for reasonablygions of high energy.
large systems, and very good statistics for ensemble averages One remedy for these problems consists of using um-
of properties of the system can be obtained. However, imbrella function&®to enhance the sampling in regions of very
many cases one is interested in systems which underggy probability and to overcome barriers on the energy sur-
chemical reactions or contain hydrogen bonds which are,;.e ynfortunately the direct application of an MC or MD
known to be only approximately described by such ClaSS'C%ethod in a quantum framework requires good knowledge of
potentials. In such systenab initio descriptions are often -

the free energy landscape, as the efficiency of the umbrella

more appropriateAb initio methods have been used exten—]c i fton d q detailed feat ¢ th ¢
sively to calculate energies of different configurations for unctions often depends on detaiied features ot the system.

molecules of several atoms and, in some cases, MD simula2imulations utilizing umbrella functions often rely on a time
tions have been performed using density functional theoryonsuming self-consistent procedure to iteratively improve
(DFT) for systems of up to 100 atorisHowever, sinceab  the sampling procedure.

initio calculations are computationally intensive, in many  Another alternative is to use multiple Markov chain
cases good sampling of the state space can be obtained ofMMC) method§ in which Markov chains running at a
for processes which equilibrate quickly and are free of largehigher temperature are used to promote transitions among
energy barriers. The difficulty of proper sampling is more different regions of high probability density. However, if the
activation barriers are big, a large number of chains is
dElectronic mail: jmschofi@chem.utoronto.ca needed as the probability of accepting the swapping between
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the chains depends critically on the overlap of the distribu- (8(9)6(9)q)
tions at different temperatures. ST )y 1)

In this article, we propose the use of a simple molecular
mechanics potential function of the formic acid—water clus-where it has been assumed that the reaction coordinate func-
ter as the basis of a distribution from which updates araion q(x) characterizing the progress of the reaction depends
proposed in a simulation where the accur@k initio) cal-  only on the nuclear coordinates and that the dividing sur-
culation of the energy of a hydrogen-bonded system is nedace between the reactaftand the product regior of the
essary. Since the classical potential is several orders of maghase space is chosencix) =0. 6 in Eq. (1) is the Heavi-
nitude faster to calculate than a DFT potential for any giverside step function which implies the reactant region is char-
configuration, it is possible to sample from the classical disacterized by positive values gf In Eq. (1), all average$: - -)
tribution in a fraction of the time needed for the calculationcorrespond to integrals over the classical coordinatasd
of an ab initio step. It is demonstrated that the use of anmomentap of the system weighted by the Maxwell—
importance function based on the classical potential leads tBoltzmann distribution characteristic of a canonical en-
improvements of several orders of magnitude in the effi.semble in equilibrium at temperatufe
ciency of sampling from amb initio based Boltzmann dis-
tribution, giving integrated correlation times less than 10 MC ~ Ped(X,p)>exf — (K+U)/kgT], v
updates.

An outline of this paper is as follows. Section Il de-

whereK and U are the kinetic and potential energy of the

scribes the transition state theof§ST) for activated pro- classical system anllg is Boltzmann's constant. Because

cesses, correlation-reduction techniques, the model syster;q,ST ;\rssun:ef that all tt[gje(}torle\? \f/tvr?h>0 r?tr q<f0 at .thﬁtt
the procedure used to construct the classical potential and tﬁg;‘tns' lon St_a el ar?hre?ll'csll\'/ € from e Ob”g dor ;_om t“g h'oh
simulation details. Section Ill presents the statistical resultée » [espectively, the IS an upper bound estimate whic

obtained from a long MC simulation and their detailed analy—fl]_ﬁglec_ts dynamlctal re_(;_rosyntgs neatr tr][e_ top of thzjdbarrler.
sis. Conclusions are discussed in Sec. IV. e microscopic transition rate constant is expressed as

K, = kKrsT, ()]

where the quantityk is called the transmission coefficient
and has a value between 0 and 1. The transmission coeffi-

Il. THEORY AND METHOD cient x is given by the plateau value of the reactive flux,

A. Classical rate theory k(t), where

The calculation of reaction rates has been an active field (69(1)§5(q))
of research for several decadedit was recognized early on k(t)= — _ (4)
that rate processes are events taking place on a time scale (6(a)as(a))

which 1S long compared to time sca]gs chara_ctenzmg terhe reactive flux can be calculated by running dynamical
dynamics around states of local stability. Consider two do'trajectories that start at the top of the barrieta0*. The

mains of attractionA andB in the phase space of the system. o ossing factor is essentially the fraction of trajectories

If the reaction coordinate, which characterizes the dynam- \nichy are stabilized after a transient relaxation in the state to

ic'_s of the transition betweeA andB, is of Iower dimension- which they were initially directed. For a chemical process,
ality than the full system, theq(t) obeys a kind of Stochas- he TST transition rate in Eq1) can be written, after inte-
tic dynamics in which the other degrees of freedom Carbration over the momenta. as

either donate or remove energy. In order to make an escape

from well A, the_ stochastic variablg(t) must acquire energy kT Sdxexp—U(x)/kgT)W(X)8(q(x))

to becor_ne actl\_/ated towarld the barrier and, upon reaching Ksts= 2amy Jdxexp—U()/keT)[q()=0] '

the barrier top, it must again lose energy to become trapped (5)

in the neighboring welB. In the following discussion we

assume that there is a clear separation of time scale betwewrere the integral extends over the entire configurational

the reactive process and the other time scales in the systespace of the system, the prefactor for the fraction of averages

These time scales include the time of relaxation in either ofs the thermal velocity of a hydrogen atom at temperafyre

the two locally stable wells, the correlation time of the noise,and the denominator of the ratio is the partition function of

the time for a trajectory to cross the barrier region and thehe reactant. In Eq5) we have used Iverson’s conventith,

time to lose(or gain the energy from the noise. We also which consists of placing a boolean expression in square

assume that an initial transient time necessary for the degreésackets and requiring that the result is 1 if the expression is

faster than the reaction to equilibrate has elapsed, and th@rue and O if it is False Hence, in Iverson’s notation the

the distribution for the slower degrees of freedom is essenHeaviside functiond(q(x)) is [q(x)=0]. Note that in Eq.

tially unchanged on the typical time scale of the reaction. (5) the numerator has the dimension af/X) and the de-
Under these conditions, simple rate expressions for theominator the dimension @f, which implies that the fraction

dynamical processes can be obtained by projection operattias the overall dimension of the inverse of a distance. The

techniques.Provided all these requirements are satisfied, thaveighting factorw(x) arises from the momentum integra-

classical TST rate constakfst can be expressed’8s tion, and is given by
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2 wheren is the number of independent points in the region of
, (6) interest and is the ratio between the standard error and the
estimated value. The accuracy of the estimation of the clas-
for a one-dimensional reaction coordinate. Note ték) sical rate constaritrst obtained from the simulation there-
depends on the dimensionless mass ratipbn, due to the fore increases as the square root of the number of indepen-
prefactor in Eq(5). In the case where the reaction coordinatedent points in the activated region.
is one of the Cartesian spatial coordinaxeof the system, In general, activation energies are much greater than the
w(x)=1 and the TST transition rate may be written as average thermal energy so that even if there were no corre-
lation in the data from a MC simulation there would be few
Ksre= KeT _ exp — $(0)/kT) , 7 independent points at the top of the barrier. Usually two or
2mm; [odgexp— ¢(q)/kgT) more simulations are done, where the first simulation esti-

where ¢(q) = —kTlog(&(q(x) —q) ) is the potential of mean mates the probability of finding the reaction coordinate near

force. Equation(7) demonstrates that the potential of meant® dividing surface and the second simulation is used to
force is intimately related to the expression for the reactiorPPt@in a better estimate for the potential of mean force very
rate in the TST approximation. As is evident from Eg), ~ Close to the dividing surface. ,
the calculation of TST rate requires only straightforward ~ S€veral correlation-reduction techniques can be used to
Conﬁgurationa| averages in a classical system. reduce the Uncertainty in the estimationJofMIC techniques
have been reviewed extensively both in the physical and sta-
tistical literaturet**° They typically consist of employing ei-
ther different updating techniques to suppress the random
walk nature of the usual single-variable updating Metropolis
From a practical point of view an estimator for the frac- method?® for sampling within a single mode, or in the case of
tion in Eq. (5) is given by a multimodal distribution, introducing generalized distribu-
tions to overcome barriers. Suppressing the random walk be-
havior is important when sampling from a distribution with

Jq

m
W=/ 2 -

i m

B. Correlation-reduction techniques

Jdxexp —U(x)/kgT)w(x)5(q(x))

~ 1
Jdxexp —U(x)/ksT)[q(x)=0] =J= j_ (8) strongly correlated variables. When the variables are strongly
2 correlated motion must proceed in small steps, and the dif-
where ference in efficiency between diffusive and systematic explo-
1 ration of the distribution can be very large. Although gener-
J=—2> wixH[0o=q(x')<Aq], (9)  alized distribution methods can be utilized to sample from a
Aq<g multimodal distribution where usual techniques demonstrate

quasi-ergodic behavior, a good knowledge of the energy

32=2 [0=< 1(xi)], (10) landscape is required in order to fully benefit from their use.

X Dynamical sampling, consisting of methods of simulat-
wherexi:{xil an !Xin} are then spatial coordinates of the ing the Hgmiltonign dynamics, can be viewed as a vgriant of

system for configuration in the Markov Chain constructed an “auxiliary variable” MC method where the conjugate

in the simulation. In Eq(9), Aq should be chosen to be mqmenta are thg a.UX|I.|ary varlz?\bles. The resulting configu-
small enough so that (A4)[0<q(x)<Aq] is a good ap- ratlonal space dIS'FrIb.utIO!’I function over the target ensemble
proximation of the delta function(q), but large enough 1S the marginal dls'Fr|but|on over _the extended state space
such that the variance of the estimafaris not too big in spanned by the variables and their conjugate momenta. The

order to guarantee that there are enough points inside t dvantage of the dynamical methods, especially hybrid

. LN hail. i biased . for th onte Carlo(HMC), is that the random walk nature of the
interval. Note that]; is an unbiased estimator for the quan- sampling within a mode is in general suppressed.One

tity "2 E_q. (Ig)__ . | fid . | for th difficulty related to the use ddib initio Hamilton dynamical
simulation can give only a confidence interval for the e6s js that analytical derivatives of the energy with re-
expected va!ue of an estimator. Usually this is given in termsspect to the nuclear coordinates must be available to calcu-
of 96% confidence intervals late the Hellmann—Feynman forces required for adiabatic
(E[3]-2 /Var[f]],E[f]]+2 /Var[f]]}, (11) lI\J/Ip[()j.at'léhls also increases the cpu time for one dynamical
whereE[J] is the estimated value from the simulation. The ~ Another disadvantage of dynamical methods is that the
varianceVar[J] of J depends on the number of independemi_ntegration time step must be smaller than the characteristic
points, or equivalently on the integrated correlation time. Ingme of the fajtest degres ofhfreeldom fcl)rl the iotal elnergﬁ to
<N ; ; ; : e maintained constant by the classical leap-frog algorithm.
general, if] is an estimator of a quantity obtained using the }* " P H1= " B ratioyn v rogucegsugcessive
N configurations which are the output of a Markov chain ’ 9 PS P

after eliminating the burn-in length of the simulatiGhthen configurations which are highly correlated. On the other
hand, too large a step size is disastrous, since the dynamical

\ /Var[f]] 1 simulation becomes unstable, and very few changes are ac-
f=— (12 cepted. In general this problem can be solved using con-
E[J] \/ﬁ strained dynamid€ or multiple-time scale molecular
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dynamics®® However, the use of aab initio potential, which Global minimum Local minima
cannot be cast into one potential for the fast and another fo

the slow motions, and for which the fast O—H vibrations are H,
correlated with the relative motion inside the cluster
HCOOH-H0, precludes the use of both techniques.

A conclusion can be drawn from all these methods. In O/
order to decrease the correlation of the output data one °" 0.99
should use a distribution which mimics taé initio density SR A
of states and from which configurations can be easily drawn. iz ) E =-2.2 kcal/mol
This general technique is called the importance function H\‘\o 1182 H O

6
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method!*?! If the probability density function for the equi-
librium distribution ofx is f(x), then this procedure consists .
of using an auxiliary density functiog(x) corresponding to Hg 2.6}\,—/
a different distribution, similar to the first and from which we o
can easily sample points according to their correct weight. In '
the context of Markov chain Monte Carlo simulations, this E = -9.4 kcal/mol E =-4.5 kcal/mol
means that if the actual state of the chaimisthe proposed

pOintXf drawn from the distributimg(x) should be accepted FIG. 1. The three conformations representing minima in the potential-

energy surfaceE=0.0 Kcal/mol corresponds to the dissociated formic acid

with the probability water complex.
| f(xe) 9(%)
n m W , (13 promise for the description of hydrogen-bonded systems. In

. . . . these schemes, the functional involves the Laplacian of the
to ensure that the configurations in the Markov chain argjectron densityfor each spin directionand the kinetic en-
asymptotically distributed according t6(x). When trial gy density as ingredients reflecting inhomogeneity. This
statesx; are drawn from a distribution very similar to the f,nctional was combined and carefully synchronized with
target distribution, nearly all the points will be accepted andpe generalized gradient approximatié@®GA) exchange
the successive configurations will be essentially uncorrelategnctionals of Beck® (BLAP) and Perde® (PLAP
provided that the trial stateg is independent ok;. For  gchemg Salahubet al. have demonstrated that the kinetic
complicated importance functiortggx), the simplest means energy-dependent XC functiona(BLAP and PLAP per-
of sampling new trial configurations is to utilize an auxiliary form petter than all GGA option§BP86, PP86, PW91
Markov chain which has limiting distributiog(x). Provided BLYP, or other hybrid methodéB3LYP, B3PW91 on sys-
the trial states are selected as the output of sufficiently long, g involving intramolecular hydrogen borfdBredictions
intervals on the auxiliary Markov chain, each proposed statgs 5| structural parameters obtained using the PLAP func-
for the target Markov chain is essentially independent of thg;ynal agree very well with experimental results. These pre-
current state. In amb initio MC simulation, drawing trial  gictions are also in agreement with high-quality post
configurations from a classical distribution using a supplertree—Fock calculationf€CSDT) and G2
mentary Markov chain will increase the total cpu time by a |, spite of its apparent simplicity, the formic acid—water
very smal! faqtor since calculating the cllassical energy of &ystem exhibits surprising complexity due to the hydrogen
configuration is several orders of magnitude faster than thgonq interactions. From geometry optimization calculations
sameab initio calculation. using DFT with a PLAP functional, the configuration of
minimum energy was found to be more than 9 kcal/mol be-
low the dissociation energy and involves a cycle of two
strained hydrogen bond§&ig. 1). Another two minima can

The sampling method outlined above has been tested doe identified on the energy surface, corresponding to con-
a model system composed of a cluster of formic acid andigurations containing single hydrogen bonds with different
water, where the energies of different configurations werdone pairs of the oxygens. Although the energies of these
calculated using high quality DFT methodsb initio DFT ~ minima are much higher, the structures have favorable free
calculations have proven to be very reliable in calculatingenergies at higher temperatures due to entropic contributions.
properties for systems including transition metals whereThe competition between energetic and entropic factors and
other ab initio methods are inadequate. One of the mosthe presence of two types of hydrogen bonds, one involving
stringent tests for contemporary DFT is the correct treatmeransp® and the other as p? oxygen, makes the study impor-
of weak interactions. Such interactions play a crucial role intant not only for a methodological test, but in its own right.
biological systems involving polypeptides and nucleic acids In addition to transitions from one minimum energy well
with a variety of internal hydrogen bonds. The necessity offto another, a dynamical process involving the exchange of
high quality nonlocal exchange-correlation functionals inprotons between the formic acid and water is possible. Cal-
DFT studies of weak hydrogen bonding has been addressexilations of the energy of the transition-state structure for
by various studie$? this process yielded an energy barrier-e£7 kcal/mol?® A

The nonlocal exchange-correlation schemes developecomparison with other systems with similar geometries and
by Proynov, Vela, and Salahtlbhave shown particular energy barriers allows us to infer that the tunneling of the

C. The model system
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protons is essential in the double transfer reaction, and wiveen atoms andj. Minimization of the function in Eq(14)
estimate the reaction rate would be on the order dfstbat  subject to the constraint of total charge conservation in the
room temperaturé’?® The corresponding time scale of the system

proton transfer process is much larger than the inverse of the

calculated rate constant for the dissociation of the cluster. S Q=0 (15)
Therefore, the assumption of the separation of the time oo

scales, involving the slower degrees of freedom is satisfied.
gives the net charge®; . In general, although the electrone-

gativities X; depend on the configuration of the system, they
D. The classical potential change little as the system evolves, provided no bond break-

. ) . ing or formation occurs.
An important part of the sampling procedure outlined

; : : o The termE, contains the variation of the total energy
later consists of constructing simple, but qualitatively accUyyith the other degrees of freedom not described by the elec-

rate, classical or semi-classical models for the system undgf,catic interaction. In particular it contains the variation of

;tudy. The intramqlecular part of the classical potential usegh o energy with the internal degrees of freed&n which

in this study_ contains the_usual molecular mechanlca_ll_ b‘_’nqnclude bond lengths and angles as well as proper and im-
angle a_nd dihedral potentials. The values for the equ'“b”u"broper dihedral angles. Care must be exercised in order not
bond distance, bond angles and the force constants were fif5 o ercount the electrostatic interactions. If we consider a

ted using theab initio potential. Although these values are gjnqie moleculed, the variation of the energy with respect to
similar to those found in typical molecular mechanics poteng a1 geviations of the internal degrees of freedom from
tials, small differences in the equilibrium values for the in- their equilibrium values is, to the second order

ternal coordinates produce a large variation in the total en-
ergy. Consequently, using the standard values from a
molecular mechanic$MM) potential would produce great EA:Equr(R—Req)T
discrepancies between the MM and thie initio potentials.
The parameters for the Lennard-Jones interactions between
the atoms were taken from thosiS® potential. In principle, this expression already incorporates the electro-
The classical description of the hydrogen bonds is one oftatic energy arising from neighboring atoms and atoms
the most difficult in molecular mechanics. Two classes ofseparated by one or two atoms through bond length, bond
models have been proposed to describe the hydroge@i”'g'e and dihedral angle potentials. For example, in the case
bonds®® The first consists of using Morse or Lennard-Jones°f the O—H bond, if we considdg, from Eq. (16) equal to
potentials. This emphasizes the isotropic intermoleculaFo in Ed.(14), the vibrations which shorten the bond will be
bonding, but lacks an orientational term. A remedy to this isfavored by the electrostatic interaction as there are opposite
to add a potential taking into account the linearity of thecharges on the atoms. Thus, in the absence of any internal
hydrogen bonds and the hybridization of the heteroatom. f|e|d, the equilibrium Va|ueS fOI’ the intema| degrees Of free'
Another class of models describes the hydrogen bon@om will be modified.
using electrostatic interactions. In simple molecular force In order to remedy this problem we have taken the net
fields the intermolecular Coulombic interaction is often mod-€lectrostatic energy in Eq14) to be
eled by point charges fixed on well-defined sites in the mo- E_E.—E (17
lecular frame. As charge induction effects are not additive, 0 =A
improved models include many-body potentials. with
Fluctuating charge models, an alternative to explicitly
devising many-body potentials, have been shown to give im-
portant improvements over the fixed charge models.
Itskowitz and Berkowitz have shown how one can derive a
generalized formulation of the electronegativity equalizationwhere the summation in Eq18) is over individual mol-
principle from DFT by leaving out a term due to the nonad-ecules.E, is the electrostatic energy of the molecuigiven
ditivity of the kinetic and exchange-correlation functio®al. by Eq. (14) with Jij=0 fori, j separated by more than two
By choosing a spherical form for the perturbation of the den-atoms. It represents the contribution to the electrostatic po-
sity of an atom due to the surrounding molecular environ-tential of the Coulombic interaction already counted in the
ment, they have transformed the energy functional into amechanical potential in Eq16).
energy function. Their final result gives the electrostatic en-  In general another choice has to be made for the conser-

2

(R—Rgg)- (16)

q

JRIR R,

E= > FE, (18

on moleculel

ergy as a function of the net chargé€y, vation of the total charge in the case of a system containing
more than one molecule. However, in the formic acid—water
E(Q)=Eo+ X XQ+> 3Q%+3> > 3;QQ;, system we study only the relative motion of the water with

7 respect to the formic acid and do not allow a chemical reac-
(14) tion to take place. Therefore, a reasonable choice is to im-
whereE, is a collection of terms independent@f,X; isthe  pose the electroneutrality separately for HCOOH an®H
electronegativity of the atom andJ;; andJ;; are the hard- The electronegativities and hardnesses of the atoms were
ness of the atom and the screened coulomb interaction be-taken to be constant during the simulation. We have used the
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re+

Klopman—Ohno approximation as proposed by Bakowies The MC simulation was carried in the canonical en-
and Thief® for the calculation of the mixed terms in the semble aff=300K. Newly proposed configurations which
hardness kernel are essentially statistically independent were drawn from an
) auxiliary Markov chain with the asymptotic classical distri-
3= € , (19) bution. Each trial configuration was obtained as the last state
e? e? \2 in a classical Markov chain generated from the current con-
\/ EJF E) ) figurgtion using simple_ Me_tropolis _single-variable update_s.
. . . The integrated correlation time of this “background” classi-
wheree Is the cha_rge O_f the electron ang is the d|sta|_"|ce cal simulation was 1000 MC steps. As the calculation of the
petvyeen the atomsandJ: The Klopman-Ohno approxima- - ¢|assical potential function is-50 000 times faster than the
tion incorporates screening effects fqr small atomic d'Staﬂceéorrespondingab initio computation, only 2% of the total
and sm.oothly converges to the classmgl Coulomb potentl_al ac,Ipu time was spent to obtain the proposed configurations for
large distances. Equatidd9) was obtained for two spheri- o hET Markov chain. Each configuration proposed by the
cally symmetrlc distributions of the chargee., two s at- classical MC chain was then accepted or rejected inathe
_oms. SPec'a' care must be taken to describe the electros_tatmitio MC chain according to the usual Metropolis—Hastings
interactions Wthh involve _O atoms due to the nonSphe”Caélgorithm.13’14'21If we denoteX g and X, e, to be the previ-
symmetry of their ane pairs. We have chosen to represe_rgus and new trial configuration in tta initio MC chain, the
each (_)f the I_one pairs on the oxygens by charges accordupro'oOsed state is accepted with the probability itiexp
to their hybr|d|z§1t|on. Both thesp?O atom of the carbonyl (—AAE/kgT)}, whereAAE is the difference
group and thespO of the hydroxyl were represented with a
fluctuating charge on each lone pair as in the ST2 model of AAE=(Eprr(Xnew = Eci(Xnew) — (Eper(Xoia)
the water’* (X)) 20
The location of the fluctuating charges representing the ot Rold/ /-
lone pairs together with the values for the electronegativitie€prr(X) andE(X) are the potential energies of configura-
and hardnesses of the atoms were optimized using the calction X calculated by DFT methods and the classical poten-
lated ab initio energy of a small number of configurations. tial, respectively. In the Appendix, it is shown this accep-
The values given by Bakowies and Thiel were taken as initance criterion guarantees that ieinitio Markov chain has
tial guess and were subsequently optimized iteratively. In althe correct limiting Boltzmann distribution.
cases the iterative procedure introduced minor modifications The classical simulation provides us with independent
of the initial values. It should be emphasized that the goal ofonfigurations within a fraction of the time necessary for a
this optimization procedure was not to obtain the best possingle DFT energy calculation. As each proposed configura-
sible classical potential for this particular system, but totion is essentially statistically independent from the other
show that by including the usual interactions which exist in aconfigurations, the only correlation in tfeb initio Markov
molecular mechanics potential one can substantially improvehain comes from the possibility of rejecting the proposed
the ab initio sampling. configuration and is a measure of the similarity between the
classical and the quantum potential.

E. Computational methodology and simulation details Iil. THE RESULTS OF THE SIMULATION

The Kohn—Sham(KS)-DFT calculations were carried The classical importance sampling method outlined in
out using a modified version of thecGTO-DFT program the previous section was tested on the formic acid—water

deMon-KS (deMon-KS3.4.22 A double¢ plus polarization cluster based on two different classical models of the system.
(DZVP) orbital basis set was used for all the atoms. The! he first mode(model ) consisted of standard intramolecu-

contraction pattern for the C and O atoms WA21/41/F), lar bond length, bond angle, and dihedral pptentigls fitted
and for the hydrogen atoms wé&1/1*).! Auxiliary charge from the DFT energies of a small set of c_onflguratlons. In-
density(CD) and exchange-correlatidXC) fitting basis sets termolecular interactions were treated with Lennard-Jones
consisting of fives functions and two sets o, p, and d a_nd fluctue_ltlng charge interactions, as descnbed_ in the pre-
functions with common exponents were used for C and (¥ious section. The second modehodel 1) contained an
[denoted ag5, 2; 5, 2] in combination with the DZVP or- additional potential to encourage the formation of linear hy-
bital basis. Similarly,(5, 1; 5, ) auxiliary patterns were drogen bonds. There is no clear reasgpriori to expect that
employed for all H atoms. Using the auxiliary basis sets, théither of these models is more accurate than the other.
charge density was fitted analytically, while the XC potential 1 h€ global minimum of the potential-energy surface for
was fitted numerically on a grid. The convergence level formodel I has a geometry which is very similar to that obtained
the SCF(self-consistent fieldenergy using the auxiliary ba- rom minimizing theab initio potential energy, shown in Fig.
sis set was 0.01 Kcal/Mol. Everywhere in this study we havel- Model Il, on the other hand, exhibits two low-energy
used a grid consisting of 64 radial shelgenoted as 64/ Minima which have slightly different geometries than that of
extrafine grid option The converged energy obtained for all the ab initio global minimum. The first minimum corre-
test configurations using a larger grid of 128 radial shellsSPOnds to a configuration in which the hydroxyl hydrogen
differed from the value obtained using the smaller grid byPond is shortenedd o, =1.73 A) and has almost linear ge-

less than the convergence level for the energy. ometry (Q,,ﬁ\407= 170°), while the carbonyl hydrogen bond
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Isomerization reaction
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FIG. 2. The isomerization and dissociation—recombination reactions. In the ‘ . ‘ . ‘ . ‘
isomerization reaction, the water rotates around thid,(ydroxyl hydro- Yo 15 14 05 0 05 1 15 2
gen bond, which is also the direction of a lone pair opn Ohe carbonyl £(A)

hydrogen bond €Hg is broken and the hydrogen bondHg is formed. The

dissociation consists of breaking both carbonyl and hydroxyl hydrogenF|G, 3. The weighted potential of mean force for the isomerization reaction
bonds. for model II.

interaction is very Weakc(|_|605:2_4A,Q5ﬂ\607: 120°). The ferent strengths in the simulation. The hydroxyl hydrogen
o _ A — o bond is stable on the time scale of the isomerization reaction,
second  minimum QQH‘*O?_ 2.35A,OH,0;=144° dy o, while the hydrogen bond with the carbonyl group dissoci-
=2.1A,GHs0,=160°) has a bent hydroxyl hydrogen bond ates. The isomerization reaction consists of breaking and re-
and a carbonyl hydrogen bond closer to linear. ~ forming the G=0 hydrogen bond, possibly with a different
Although it is immediately apparent from the consider- nroton. Several order parameters for this process were inves-

features incorporated into its potentials, both classical modgptained using the reaction coordinate

els were applied in separate simulations in order to study

how the performance of the molecular mechanics based im-  {=don,—don, (21
portance function method depends on the quality of the clas-
sical description. whered;; is the distance between the atomandj in the

The two activated processes found to take place on aluster. For this reaction coordinate the weighting factor
time scale smaller than the double transfer of the proton arésom Eq. (6) is
depicted in Fig. 2. Although the integrated correlation time at
T=300K varies with the quantity estimated, all the random W \/
variables we have studied had correlation lengths on the or- ¢
der of 10 MC steps on average for both models, with slightly _ _
shorter correlation lengths for the simulation based upovheredis the angle formed by the vecto@sHg and OsHs.
model I. In particular, the correlation times for the dissocia-The weighted potential of mean force corresponding te
tion reaction and isomerization reaction obtained using thélepicted in Fig. 3. The estimated TST rate constant obtained
classical potential of model Il as an importance functionwithout an auxiliary sampling of the transition region is
were 8 and 16 MC steps, respectively for the isomerizatior?8.9x4.3-10's™%. This rate constant was calculated consid-
and the dissociation reactiofsee Fig. 2. ering only the configurations for which the;©H, --O; hy-

The integrated correlation lengths of a simple initio ~ drogen bond was intadi.e., the distance ki--O; smaller
Metropolis MC simulation, on the other hand, is estimated tdhan 2.4 A. As the isomerization process requires that the
be roughly the same as that obtained from a pure classicatater be bound to the formic acid, the isomerization in the
simulation, which is on the order of 2000 MC updates. Thuscluster is a constrained reaction. Therefore, the TST descrip-
the importance sampling method reduces the correlatiofion applies for the isomerization reaction only if the time
length by two orders of magnitude. Therefore it is evidentscale for the isomerization is well-separated from the time
that a simulation performed using the importance samplingcale for the breaking of the $©H, --O; hydrogen bond,
obtains estimates for the rate constants which are comparabiéiich corresponds to the dissociation of the cluster.
in accuracy to unbiased MC or MD simulations which are The second reaction consists of the dissociation of the
effectively 100 times longer. cluster in which both €0 and O—H hydrogen bonds are

The two hydrogen bonds present in the system, formedroken. The order parameter to describe this process is
by the carbonyl €0 group and by the hydroxyl O-H
group with the water molecule, were observed to have dif- 7=dc,o,- (23

2my
2+ ——(1—cosb) |, (22
Mo
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Dissociation reaction gested by thab initio potential. Care has been exercised to
obtain a broader distribution for the classical potential than
the ab initio distribution to insure that all relevant regions of
state space have been sampled. The potential of mean force
for the two processes described above using the second clas-
sical potential of model Il as importance function are also
depicted in Figs. 3 and 4.

Another point which should be emphasized is that im-
portance sampling enabledl the relevant state space to be
sampled in one simulation, allowing activated processes tak-
ing place on time scales which differ by one order of mag-
nitude or more to be identified from one simulation. This is

—— DFT results
sl | Classical results

Potential of mean force (kT)
w

o to be contrasted with umbrella sampling where the system is

Nl constrained to one region of the state space and different
N simulations are needed to study different activated processes
2, ovs 35 428 s 575 65 725 identified at the outset of the simulation.

n ) Although the agreement between the classical andihe

initio potential of mean force describing the processes in

FIG. 4. The weighted potential of mean force for the dissociation reactlorF|gs 3 and 4 is very good, the classical density of states does

for model Il. To increase the accuracy of the simulation in the transmongot mirror exactly theab initio canonical probab|I|ty denSIty

region, a short simulation constrained near the top of the barrier was carrie:

out. n Fig. 6 a histogram of the differencasAE, defined in Eqg.
(20), obtained in the simulation ai=300K is shown for
model Il. The average error is 2kT and the standard de-

The associated weighting factar, is the square root of the viation is ~5kT. The magnitude of the average error sug-

inverse dimensionless reduced mass of C and O gests that the excellent agreement between classical and
. guantum results in Figs. 3 and 4 is somewhat fortuitous and

w,= (_H+ _H) (24)  can be attributed to a cancellation of errors due to the aver-
Mo Mc aging procedure involved in calculating potentials of mean

Because the error bars are quite large in the transition regiol@rce.
due to the small probability to obtain points in this region, ~ Because the classical potential for model Il gives differ-
the location of the top of the potential is not certain. Toent densities of states for the low-energy conformations in-
improve the statistics in the transition region (5.6c4  Volving both hydroxyl and carbonyl hydrogen bonds, a simu-
<7.0A), a short simulation of 4000 points constrained tolation of the undissociated cluster at a lower temperature of
the transition region was performed and the improved statisT =200 K was carried out to examine these differences. The
tics is shown in Fig. 4. The TST estimation for the rate of theclassical potential based importance sampling method previ-
dissociation reaction is 4.140.33 10'°s™1, where the un- ously described using the first classical potential as impor-
certainties are expressed as 96% confidence intervals.  tance function(model ) produced almost the same inte-
The ratio between the two rate constants in the TSTgrated correlation time€0 MC stepgas in the simulation at
approximation is~7. This means that even if corrections due T=300K. On the other hand, the qualitative difference be-
to recrossing factors are computed it is likely that the timetween the classical potential of model Il and thk initio
scales are well separated, and hence the approximations $iystem made the direct application of the importance sam-
the previous section are justifiexl posteriori Although no  pling technique somewhat difficult at the lower temperature.
attempt to calculate the recrossing probabilities in the twdGlobal updating of all the variables in the “background”
processes described above was made, for each activated pabassical simulation led to proposal configurations which
cess different choices of reaction coordinate were considwere rejected 90% of the time by the Metropolis—Hasting
ered. The two choices specified above correspond to the réest in theab initio simulation. In the work of Roberts, Gel-
action coordinates which yield the largest TST estimate foman, and Gilks the problem of optimal scaling of the ac-
the reaction rates, and therefore, provide a good approximaeptance probability for random-walk Metropolis algorithms
tion to the true microscopic rate constants since these choicegas considered. It was proved that for certain target distri-
should minimize the corresponding recrossing factors. butions, the asymptotic acceptance probability should be
We have carefully analyzed other possible activated protuned to be~0.2. However, this result does not apply to
cesses using the results from the simulation and found nmore general Hastings algorithms such as importance sam-
other reactions. In particular, the two minima on thepling methods. If the proposal density makes use of the
potential-energy surface have almost the same probability astructure of the target density, intuition suggests that a higher
the dissociated configurations, confirming the importance oficceptance probability is likely to be preferred. Thus, 80%
the entropic factors at this temperature. rejection rate can be viewed as an upper bound for efficient
It should be emphasized that in constructing the classicamportance sampling. Although essentially independent con-
potential the van der Waals repulsions between the valendiggurations were accepted 10% of the time on average in the
electrons of nonbonded atoms were less strong than sugimulation of model Il, long periods of several hundred re-



4860 J. Chem. Phys., Vol. 113, No. 12, 22 September 2000 Iftimie et al.

7500
—— DFT results with error bars
—-— Model Il —

0 Model | “ 6000 | N
= — K
x , 2
8 ‘ N 4500 -
5 37 g
2 3 u
5 2 .
kS & 3000 |
8 [S
T 1t 3
5 =z
3 [

o 1500

-1t

0 [l 1 Il 1 1 Il
) ) s ! w L -8 -4 -2 0 2 4 6 8 10
1.5 1.75 2 2.25 2.5 2.75 3 AAE (KT)

dist H,0, (A)
] ] ) FIG. 6. Histogram of differencA AE defined in Eq(20) for model Il. Note
FIG. 5. The weighted potential of mean force for the distang®-Hor the average error 2kT and the standard deviation5kT.
models | and Il along with that calculated from thb initio simulation.

Another point worth noting is that the second classical po-
jections occurred, which lead to significantly longer correla-tential is not reflected in thab initio potential of mean force,
tion lengths than those observed in the simulation of model Iwhich demonstrates that the importance sampling method
In principle, as noted above, the sampling can be substarperforms well even where there is a qualitative difference
tially improved if long periods of rejections are avoided atbetween the classical and thb initio potentials.
the cost of introducing correlation into the proposed configu-  The second classical potenti@hodel Il) has the prop-
rations. To improve the acceptance ratio and hence the merty that the region of highab initio probability density cor-
bility of the simulation, the configurational variables were responds to a region of very low classical density of states.
divided into three groups, representing the internal degreegence the improvements due to the combining with abe
of freedom, the variables describing the relative position ofinitio Metropolis method are somewhat limited and the simu-
the center of mass of @ with respect to the center of mass |ation using the second classical potential provides an upper
of HCOOH, and the Euler angles describing the relative orihound estimate to the increase in the correlation time when a
entation of HO plane with respect to HCOOH. Although the different but reasonable classical importance function is uti-
overall acceptance of updates was improved to 30%, periodied in conjunction withab initio Metropolis sampling. The
of rejections of 100 configurations were still observed whenintegrated correlation time for the distance, HO, for
the system was sampling regions of the state space where thgodel I| was on the order of 90 MC updates, reflecting the
classical potential underestimated thb initio probability time needed for the system to leave the region of lage
density function by a large amoutgee Fig. 5. In order to  initio density of states. This is about nine times greater than
prevent the system from becoming trapped in regions of théhe integrated time obtained at the same temperature with the
state space where the differend&=Eper—E was very  first classical potential. However the integrated correlation
negative, the proposal states were obtained by a combinatiafines for the other variables in the simulation using model I,
of importance sampling using the classical density of statefcluding ¢ from Eq. (21) describing the isomerization reac-
and single-variable Metropolis updates of #ie initio Mar-  tion, were increased only by a factor of 3 with respect to the
kov chain. The frequency and nature of the Metropolis up-simulation using the first classical potential.
dating was selected to give an asymptotic acceptance of
40%. The |nclu5|o'n of the §|ngle-varlable Metropolis updatesw_ CONCLUSION
reduced the maximum rejection lengths to around 20 con-
figurations. As can be seen in Fig. 5, the double-well poten-  In summary, an MC molecular mechanics based distri-
tial characteristic of the second classical potential utilized ledbution was utilized to propose updates in amn initio MC
to few proposed updates in the region of laggeinitio den-  study of the dynamics of a cluster containing hydrogen
sity of states. In compensation, the accepted configurationsonds. The utilization of the molecular-mechanics-based im-
had a small probability to leave this region. The role of theportance function decreases the correlation time ofahe
Metropolis sampling with theb initio potential was to im- initio MC calculation by two orders of magnitude. Simula-
prove the mobility in those regions. It is also noteworthytions performed without importance sampling require much
that, in general, the region wheleE is very negative does more computational time to obtain comparable levels of ac-
not coincide with the region of higlab initio density of  curacy. Furthermore, the MC importance sampling method
states. In this case thab initio single-Metropolis updating enables a thorough sampling of the relevant configurational
would drive the simulation away from the region where thespace which allows accurate estimates of rate constants to be
classical and the quantum probabilities are very differentobtained from relatively short simulations. In comparison,
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based on the results for the reaction rates reported in thiining all important interactions is possibfe®® The classi-
previous section, a typical unbiased MD simulation of thiscal potential based importance sampling method described in
system would require, on average, several thousand configthis article provides an easy way of performiad initio
rations before one of the reactions studied could be observeshmpling, provided the classical description constitutes a rea-
at T=300K. Umbrella sampling techniques can be used tesonable approximation to the real interactions. It should be
reduce the correlation time of theb initio MD simulation  emphasized that the importance sampling function need not
substantially, but usually a separate simulation is required fobe entirely classical in nature, so long as it requires little
each activated process of interest. Although the umbrell@omputational time.

function is simple to construct for reactive processes in  Another study related to the double transfer of the pro-
which the density of states is relatively constant along thdons in the same cluster is in progress. The construction of
reaction coordinate, significant variation of the density ofclassical potentials describing chemical reactions in reason-
states is often observed, particularly for reactions involvingably good agreement withb initio results is more challeng-
conformational changes or solvent effects. For such systemi#)g, however, we expect that the quality of many of the po-
one must either resort to a computationally intensive iterativéentials proposed in the literature would be adequate to be
procedure to construct and refine the umbrella function okised as importance functions in a quantum simulation for a
explicitly provide a description of the variation of the density variety of situations where chemical bonds are broken and
of states along the reaction coordinate based on knowleddermed. More work on the subject would be of clear interest.
of the system. Umbrella sampling methods can also be in-

corporated into the molecular mechanics based importance

sampling method to improve sampling of rare events. In facACKNOWLEDGMENTS
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densities of states is only moderate, separating the variable
to be updated in a classical MC step into several groups will

improve the mobility of the simulation. If possible, one

group should contain variables which are strongly correlated*PPENDIX A

In ggneral, sepgrating the_variai_ales into groups should permit In this Appendix, it is shown that the acceptance crite-
efficient sampling of configurational space when the distri-jon given by Eq.(20) guarantees that theb initio Markov
bution of states which are poorly estimated by the guidingchain has the correct limiting Boltzmann distribution. This

potential is relatively random, even for classical potentialsto|iows if the Markov chain satisfies microscopic reversibil-
which overestimate or underestimate the energy by afew ity for consecutive stateX, andX,,:

If long periods of MC rejections still exist, this is an
indication that there is an important disagreement between P(Xo)T(Xo—Xn)=P(Xp) T(Xy—Xo), (A1)
the classical and thab initio density of states which is very where T(X;—X;) is the transition matrix from stat¥; to
likely localized in some region of the state space. A remedystate X; for the Markov process. The transition matrix
for this problem is to combine the importance sampling de-T(xi_>xj) can be written as a product of the probability
scribed above with another method, which generates a dife (X;—X;) of generating configuratio; from configura-
ferent Markov chain dynamics. For example, configurationgion X; and the conditional probabiliti? o(X;| X;)
proposed with a different classical potential, including um-
brella sampling potentials, could be used to move the simu- T(Xi= X)) =Pg(Xi=X)Pa(Xj|Xy). (A2)
lation away from the problematic region of state space. AnEquation(Al) follows immediately from Eq(A2) provided
other means to avoid becoming trapped in phase space wouRl, is defined to be
be to.usegb .initio Metropolis updates and the usuaI.Me_- . P(X,)Po(Xy—Xo)
tropolis criteria for acceptance. An equally good solution is P ,(X,|Xo)=min| 1, 9 .
to combine importance sampling witlib initio MD when P(Xo)Pg(Xo—Xp)
accurate calculation of the forces is possible. We have denfhe auxiliary classical Markov chain importance sampling
onstrated that these two simple techniques are enough fsrocedure consists of taking the current configuradgrand
obtain integrated times which are at most one order of magapplying the classical transition matrfk+ 1 times, where
nitude bigger than in the case where a very good classicd is a large number. The classical transition maffix is
potential is available. required to satisfy microscopic reversibility for the classical

If the classical potential differs from thab initio poten-  model
tial by significant amounts, neither of the methods described
above works efficiently and the classical description is prob- Pa(Xi) Ta(Xi— X)) =Pa(X) Ta(Xj—X;), (A4)
ably missing an important interaction. In general it should bewvhere P, is the canonical distribution function for the clas-
possible to construct a sampling potential of adequate qualitgical system. The application af; starting fromX, gener-
given that many studies in the literature have demonstratedtes a sequence of stafe&), X1, ....Xy,X,} with path prob-
that a classical description of the intermolecular forces conability
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