3012 J. Phys. Chem. R000,104,3012-3020

An Ab Initio Molecular Orbital —Valence Bond (MOVB) Method for Simulating Chemical
Reactions in Solution

Yirong Mo ™ and Jiali Gao**

Department of Chemistry and Center for Computational Research, Staterdity of New York at Buffalo,
Buffalo, New York 14260

Receied: Naember 16, 1999; In Final Form: January 27, 2000

A mixed molecular orbital and valence bond (MOVB) method for describing the potential energy surface of

reactive systems has been developed and applied to a model proton transfer reaction in aqueous solution. The

MOVB method is based on a block-localized wave function (BLW) approach for defining the diabatic electronic

states. Then, a configuration interaction Hamiltonian is constructed using these diabatic states as the basis

function. It was found that the electronic coupling energy is large with a value of about 30 kcal/mol for the
HsN—H—NH;" system, whereas the predicted activation barrier is only 1.2 kcal/mol using the 3-21G basis
set. The MOVB results are found to be in good accord with the corresponding ab initio Haftrele
calculations for the proton transfer process. We have also incorporated solvent effects into the MOVB
Hamiltonian in the spirit of combined QM/MM calculations, and have modeled the proton transfer between
ammonium ion and ammonia in water using Monte Carlo simulations. The potential of mean force was
computed via free energy perturbation coupled with umbrella sampling techniques using (1) an energy gap
mapping approach, and (2) a geometrical mapping procedure. Solvent effects increase the barrier height by
about 2.2 kcal/mol from the MOVB and HF ground state potential energy surface. The present study
demonstrated the feasibility of ab initic MOVB method for studying chemical reactions by incorporating
explicit solvent effects in the description of the reaction coordinate in combined QM/MM simulations.

1. Introduction successful approach to derive analytical potential energy surface
for molecular dynamics calculations is the semiempirical
#ondon—Eyring—PoIanyi—Sato (LEPS) potential function and

its various extension®;23which are based on a valence bond

the system. Furthermore, the traditional approach of transition reatment* For condensed-phase simulatins, a second issue
y : ' pp arises, which is the treatment and inclusion of the collective

structure determination anq reac.tlon pathfollow%n@typlcally solvent coordinates Thus, the PES should be formulated in
used for gas-phase reactions, is complicated by the need for

specific consideration of the fluctuations of the collective solvent such a way Fhat It can be convem(_ently used to represent the
coordinates accompanying the chemical transforméAfdhrac- solvent reaction coordinate along with _the _solute reaction path.
tical procedures have been established to circumvent the firSt'A‘lth.Ol.J.gh the method that we propose in this paper provides an

L . ab initio valence bond (VB)-like treatment of the PES for
problem by partitioning the condensed-phase system into a

reactive region that is treated quantum mechanically (QM) and polyatomic reactions, our focus in the present study is on the
a bath region consisting of the rest of the system that is latter aspect, making use of an energy-gap approach to define

approximated by molecular mechanics (MMJ3 Such a the solvent reaction coordinate. The energy-gap reaction coor-

combined QM/MM approach takes advantage of the accuracyonna‘[.e ha; beﬁn successfuflly app]leoll tolnumerg)usdchemlcal
offered by quantum chemical models for chemical reactivity reactions In the context of empirical valence bon (EVB)
and computational efficiency of the MM force field. Importantl calculations® % Voth and others have further extended the
P Y . - mp y: simple EVB ideas to modeling proton transfer reactions in
the method can be systematically improved by either increasing ith multi f )
the level of theory in the QM model or enhancing the classical aqueous systems W't. mu tistate EVB con |gura}t| s How-
representation of the solveHtNumerous studies have demon- < o 2N¢ shortcoming in the EVB method is a lack of a
stgted a wide range of applications of combined QM/MM systematic path in improving its accuracy, especially when
. rang _app . . . critical experimental data are not readily available. The difficulty
methods, including chemical reactions in solution and enzymes b h leviated usi ffici lqorith f
and solvent effects on electronic excited stdté$ may be somewhat alleviated using efficient algorithms for
To determin reaction rate in solution. it i : n - general parametrization from ab initio energy and Hessian
0 determin€ a reaction raté in sofution, 1t IS necessary 10 o4 127,32 33Nevertheless, there is interest in developing a more
obtain the free energy of activation in solution. The prerequisite

) . . e systematic procedure to treat this problem.
for such calculations is a reliable and general description of the . ) . .
. . In this article, we present an ab initio approach, suitable for
potential energy surface (PES) for the reactive system that

undergoes bond breaking and formation. One popular andcondensed phase simulations, that combines Harfeek
9 9 ) pop molecular orbital theory and modern valence bond theory

- - (MOVB) to describe the PES for reactive systems. The MOVB
* Corresponding author e-mail: gao@chem.umn.edu. . . . .
t Present address: Department of Chemistry, University of Minnesota, Method is tested in this work on a model proton transfer reaction
207 Pleasant Street, SE, Minneapolis, MN 55455, in water; however, the approach is general and can be applied
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Quantum mechanical calculations of reaction rates in solution
represent a great challenge in theoretical chemistry because o
the complexity and the large number of molecules involved in
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to any chemical reaction. In what follows, we first review in k k

sectio 2 a block-localized wave function (BLW) method that M = Zma and N= ) n, Q)
is used to define diabatic electronic states. Then the MOVB a=

model is described for computation of the adiabatic PES and N . . .
its implementation in combined QM/MM simulations. In section Each_mo_lecular orb|ta}l In a subgroup IS written as a Im_e_ar
3, computational algorithms are presented for construction of combination of the primitive basis functions in that specific
the diabatic electronic state functions for carrying out MOVB subspacey%, u =1, ..., m}

a=

free energy simulations and for performing statistical Monte m
Carlo calculations. This is followed in section 4 by results and =S 4P )
discussion of the major findings. Conclusions are given in ] MZ‘ A
section 5. ‘
The Slater determinant wave function for resonance structure
2. Methods s is then constructed as
The block-localized wave function (BLW) method was lps:A(cI)l(DZ“'(I)ks) ©)

introduced previously and has been applied to organic com-
pounds to rationalize electronic delocalization eff&c3to
decompose energy components in intermolecular interactfons.
Here, the BLW method is briefly summarized before the
molecular orbitat-valence bond approach is described.
A. The Block-Localized Wave Function Method.It is of a  _ap a a

. . . . - D, = g Q... 4
considerable interest to construct diabatic electronic states a = 1093597 (p”a’Zﬁ “)
representing specific resonance structures of a molecular sys- . . . '
tem. Such diabatic states provide the reference point for Com_yvherea and are spin functions. The wave function defined

puting the electronic delocalization energy in the investigation In €q 3 is subjected to the restriction that mo'ecF"aV orbitals
of intermolecular interactions and chemical bondih&urther- within each subgroup are orthogonal, whereas orbitals between

more, the potential energy surface for a chemical reaction Candlfferent subgroups are nonorthogonalfeature of the valence

be described by mixing the individual potential energy sur- bond approactt™

faces for the reactant and product state as well as other im-

portant valence bond (VB) configuratio#s.An important Ejoﬁ(pibD: {
feature of the VB approach is that it is conceptually closely

related to the way in which organic chemists rationalize chem-
ical reactivity, and it has been successfully used by Shaik and
co-workers to describe organic reactidfs®® In principle,
modern ab initio valence bond theory can be used to construct
the localized wave function for specific diabatic states; how-

whereA is an antisymmetrizing operato®, is a successive
product of the occupied MOs in ttagh subgroup (eq 2), and
is the number of electronic blocks

o.,a=b
ij?
Oja=b )

whereO; is the overlap integral between molecular orbital
andj.

With the definition of eqs 2 and 3, the coefficient matrix for
theoccupiedMOs of the BLW wave function has the following

o X . . form:

ever, ab initio VB calculations are extremely time consuming,
which prevents its application to large molecules of biological 1
. ct O 0
interest. )

Here, we construct the localized diabatic state, or resonance C = 0 c .0 (6)
structure, using a strictly block-localized wave function (BLW) M P
method, which was developed recently for the study of electronic 0 0 o CKs

delocalizatior?*3° This approach is similar, but different in

implementation, to ideas that have been developed by Gianinettiwhere the element? is anny/2 x my matrix whose elements
et al. for the study of intermolecular interactioli<0 Before are defined in eq 2. The energy of the localized wave function
we proceed, we note that although it is possible to construct (diagonal terms of the Hamiltonian) is determined as the
electronic diabatic states using localized molecular orbitals €xpectation value of the Hamiltonian H, which is given as
derived from unitary transformation of canonical orbitdlthese follows:

localized MOs are in fact not strictly localized. They contain s s s s

both orthogonalization and delocalization tails, the latter of _

which makes contribution to the electronic delocalization effect E = WHW = szﬂvh.uv + szﬂvF/w ()

and is not appropriate for describing diabatic potential energy e e

surfaces. To avoid these two types of tails in the BLW method, |n eq 7,h,, andF,, are, respectively, elements of the usual

we impose restrictions on the expansion space of the moleculargne-electron and Fock matrices, ang is an element of the

orbitals®® density matrix,D, which is evaluated using eq 8
It turns out that it is always possible to partition all electrons
and basis orbitals in a molecular system ikkasubgroups, D=c(c'so'c* (8)

corresponding to a particular form of the Lewis resonance or

VB structure. For simplicity, we assume that each subgroup is whereS s the overlap matrix of primitive basis functior{sg;‘;

a closed-shell system; thath subgroup containsn, basis u=1,..mya=1 .. k.

functions andh, electrons. The extension of the BLW method The molecular orbitals in the BLW wave function can be
to open-shell partitions is straightforward, and the computational optimized in two ways using (1) the Jacobi rotation metffbd,
details will be described in a forthcoming paper. Thus, the total or (2) a reorthogonalization technique described by Gianinetti
number of primitive basis function$/, and the total number et al3° Both approaches have been implemented in our program.
of electronsN, in the system are The reorthogonalization method is approximately 10 times faster



3014 J. Phys. Chem. A, Vol. 104, No. 13, 2000

Mo and Gao

than the successive Jacobi rotation algorithm for the systemalthough the total number of molecular orbitals is identical.

investigated here.
B. The Molecular Orbital —Valence Bond Method.The

Recognizing that the N N determinant BLW wave function
(eq 12) can be partitioned into two equivalent N&2 N/2

wave function for a reacting system along the entire reaction matrices, one corresponding to tiespin and the othef spin,

coordinate ®[R,X], can be described by the resonance of the
reactant¥?’; and productV'; configurations, plus other important
configurations if necessary:

L
ORX] = 3 1 ¥ [RX] ©

where eachV [R X] represents a specific diabatic sta®{R,X]

is an adiabatic state wave function,is the total number of
diabatic states, and the coefficiedts} are determined varia-
tionally analogous to multiconfiguration self-consistent field

(MCSCF) calculations. To emphasize the fact that the diabatic
and adiabatic ground state (as well as excited state) wave

Hst can be conveniently expressed in terms of only spatial
orbitals. First, the overlap integral betwedfy and W is
W W (= MM,DZ (13)

whereDyg; is the determinant of the overlap matrix between the
spatial molecular orbitals il and W;

[$,1t,0 (S [tyyo1
s.=|... (14)
(SyaltH <Swalthz
D, = defS,| (15)

functions depend on the geometry of the reactive system R and

the solute-solvent reaction coordinate X, these variables are
explicitly indicated in eq 9. Since the resonance VB-like

To evaluate K, we consider the one-electron and two-electron
terms of the Hamiltonian separately. The contribution from the

structures defined by eqgs 3 and 9 have features both of molecula®N€-€lectron part is

orbital theory and modern ab initio VB method, the present
approach is referred to as the molecular orbitadlence bond
(MOVB) method.

The MOVB Hamiltonian in the basis of the valence bond
configurations is constructed by determining the VB integrals

N/2 N/2

Wy IZh(i)l‘l’tD: 2MM,DZ ;;@Ih(l)ltj s (16)

where (S;tl)ji is an element of the inverse matrix 8f (eq 14),

and relevant overlap integrals, and the ground state energy iswhich can be conveniently derived using the Jacobi ratio

obtained by diagonalizing the Hamiltonian of eq 10
Hll H12 HlL
H= Hy  Hyp Hap (10)
HLl HL2 HLL

wherelL is the total number of diabatic states defined in eq 9,
which are also referred to as MOVB configurations. The

diagonal matrix element in eq 10 can be conveniently evaluated
by using eq 7, which has been applied to the study of resonance

effects®® The off-diagonal element §lis defined as follows:

H, = W H|WY,O (11)

S
Evaluation of H; (s t) involves two Slater determinants whose
spin—orbitals are nonorthogonal. A number of algorithms have
been proposed for this problem’\din first described a method
on the basis of the Jacobi ratio theoréfwyhereas Amos and
Hall*” and King et al® developed a bi-orthogonalization
procedure for evaluation of matrix elements of nonorthogonal
determinant wave functions. In our implementation, we follow
Lowdin’s Jacobi ratio strategy, which is summarized below.
For convenience of discussion, we rewrite the two BLW
functions appearing in eq 11 for the VB configuratisandt
as follows:

W IR X] = M(N!)Ydetis,a(1)s,8(2).. syBN)| - (12a)
W [R,X = M,(N)Ydet|t,a(1)t,5(2).. ty,B8(N)| (12b)

whereM;s andM; are normalization constants andt; are spatial
orbitals for configuratiors andt. Here, we have replaced the
notation for molecular orbitalsp® (eq 2), with the cor-
respondence ofis> ¢l1; S < @'y, ..., Sy2 < @*wz. A similar
correspondence for configuratidan also be made. Note that
configurations andt may or may not have the same number of
blocks (subgroups) in constructing the BLW wave function,

theorem®

Dst(stj)
D

(S;tl)ji = (17)

st

whereDg(st;) is the algebraic residual corresponding to itfie
column,jth row element of the determina8f in eq 14. Defining
the density matrixP as

N/2 N/2
— s At —1
P/,w - ZZ Ci,u ij(%t )JI
I=1j=

eq 16 can be simplified in terms of the primitive orbital integrals
h

(18)

Wy h(i)|W,C= 2MMDg Y P, (19)
1

w

Similarly, the two-electron Hamiltonian part yields

1
Bjs Z r_ lptD: MthDit z z(ZPWPM -
1>] uv Ao

ij
PWPM) [dv|Aod(20)
Combining egs 19 and 20, we obtain
Hst = MthDit[ZZP/whﬂv + z (Zpﬂvp/lﬁ -
uv uv Ao
P‘uaplv) E‘VMU@ (21)

It is noted that K is a function of the geometry and the reaction
coordinate of the reacting system, R(X).

C. Combined Ab Initio QM/MM Simulation Techniques.
Our main goal is to incorporate solvent effects into ab initio
Monte Carlo or molecular dynamics simulations of chemical
processes, making use of combined quantum mechanical and
molecular mechanical (QM/MM) techniques. QM/MM tech-
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niques have been implemented for Hartr€®ck, configuration H H
interaction, and density functional calculations, and they have g
been applied to a variety of chemical systems with remarkable \ R R :5/
success. Interested readers may find further computational details 1 2 ;
in refs 8-12. The present study extends these solvation N——H------- N
techniques to the MOVB method for reactive systems. \\\\\\““

In a combined QM/MM method, the interaction Hamiltonian H
between the QM solute and MM solvent is included in the

optimization of the solute wave function by incorporating the

one-electron integral term resulting from the solvent electric Figure 1. Schematic representation of the geometrical parameters for
field the [HsN—H—NH3]* system.

pam/mm _ o 4 jam/mm 22) EVB approach>28in which the solvent contribution is incor-
uv uv uv H H

porated only into the diagonal elements, whereas the off-
diagonal elements are assumed to be independent of solvent
effects. Although the most significant contribution to the

in eq 22 consists of contributions from all solvent chat&&s variation in off-diagonal matrix elements is their dependence

which can be evaluated using standard algorithms for computing©" the solute geometry, it has been pointed out that in many

nuclear-attraction integrals. Thus, the MOVB energy automati- ¢aS€S, the solvent dependence of the off-diagonal matrix
cally includes solutesolvent electrostatic interactions. elements is not negligible in studying chemical reactions in
solution using a VB approact:3° Since our ab initio MOVB

3. Computational Details method includes these contributions explicitly in all terms, it
. . . provides a means by which this problem can be assessed in

_ The present MOVB method for studying chemical reactions ¢ondensed phase simulations by comparison with studies that
in solution is illustrated by computing the potential of mean oyjude the solvation term indd This study will be reported
force for the proton-transfer reaction between ammonium ion i, 4 future publication.
and ammonia, [BN-+H--NHy]", in water!®™>t Since the In this work, we have used the 3-21G basis set to demonstrate
primary goal of the present study is to examine the MOVB {he method in liquid simulations, while larger basis functions
method for describing the potential energy surface in a chemical 5,6 sed for gas phase comparisons.
reaction in solution, the nuclear quantum mechanical tunneling g Eree Energy Perturbation Methods. The potential of
effect is not spe_cmcally considered. First, we show that the ean force, or free energy profile, as a function of the reaction
MOVB method yields reasonable results for the ground state coordinate, X, for a chemical reaction in solution can be
PES of the proton transfer reaction both in the gas phase andcomputed using the free energy perturbation mefiod.
in solution. Second, we illustrate that the diabatic PES of the gaightforward approach is to determine free energy differences
MOVB method can be effectively used as a mapping potential {or jncremental changes of certain geometrical variables that
in potential of mean force calculations. characteristically reflect the chemical process in going from the

A. The MOVB Potential Energy for the Proton Transfer reactants, through the transition state, to the final prodicts.
Reaction in [H3N---H---NHg]". We use three resonance pqrexampleX may be defined by some characteristic geometry
configurations to describe the proton transfer reaction gNH variables, specifying the position of the migrating proton in

whereh,,° is an element of the usual one-electron matrix for
the isolated “QM” system. The one-electron integigh™mm

*He--NHg] * [HaN-++H-+-NH3]", XR = R, — R» (Figure 1). Here, we use the
— - _ A superscript R to stress the fact that the reaction coordinate is
Wy = {HN:H":NHg} = A[®(H;N)P(NHy)] defined by the solute geometrical parameters. The potential of
A mean force is then determined using the free energy perturbation
W, = {HNH-NH;} = AD(HN)D(H-NHS)] (23) s g P

W, = {H,;N—H":NH} = A[®(H,N—H")D(NH,)] n
o . AG(XPy = —RTZIn [ (FCO-EOFIIRT - (24)

where each® indicates a product of the molecular orbitals =
expanded over basis functions located on atoms in the fragment
specified in parentheses. These MOs are optimized for eachwhere the bracketS..[Jindicate an ensemble average over the
resonance structure using the method described in refs 34 ancpotential energyE(X®), and n is the number of “bins”
39 at a given geometry of the molecule. Although the MO (increments) in going from the reactant state{Xto a value
coefficients for each resonance configuration may in principle of X.R. This “geometric mapping” approach, which is akin to
be optimized in the MOVB CI calculations, only the configu- studying gas phase reactions through reaction path calculations,
ration coefficients are variationally optimized here. The ground has been successfully applied to numerous organic reactions in
state energy is obtained by diagonalizing the three-state MOVB solution3* Nevertheless, there is concern in this type of simu-
Hamiltonian (eq 10). For comparison, the proton transfer lations because the solvent reaction coordinate is not explicitly
potential energy curve is also computed at the Hartfaeck included in the definition of the reaction coordin&®e recent
level. simulation study of the proton transfer in [F&H---OH]~ in

The diabatic potential energy for each resonance configurationwater indicates that there is considerable difference in the
as well as the adiabatic ground state energy for the reaction inqualitative appearance of the free energy profile and the height
solution is determined by including the solutsolvent (or gm/ of the predicted free energy barrier if the solvent reaction
mm) one-electron integrald,,9™™™ in the gas phase one- coordinate is explicitly taken into accouft.
electron matrix. Thus, both the diagonaksthnd off-diagonal, An alternative approach for obtaining the activation barrier
Hs, matrix element in the MOVB Hamiltonian explicitly include  and the free energy reaction profile is to defidan such a
solvent effects in the calculation. This is in contrast to Warshel's way as to reflect both the solute and solvent reaction coordinate.
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Therefore, ifX is chosen as the energy difference between the
energies of the diabatic reactant and product VB states in

Mo and Gao

solution. It is, however, difficult to use this approach directly
in ab inito QM/MM calculations due to complications in

solution, the solvent degrees of freedom are adequately definedconstructing diabatic VB staté3The present MOVB method

because the change in soldlvent interaction energy reflects
the collective motions of the solvent molecules as the reaction
proceed$26.55

X2 =Ey(¥) — EA(¥)) (25)
whereE; andE; are the expectation values of the wave functions
W; andW,, defined in eq 23, and the superscript S emphasizes
explicit treatment of the solvent reaction coordinate. It should
be noted thakS is negative when the system is in the reactant
state and positive in the product state. Although eq 25 is not
unique in defining the solvent reaction coordinate, it provides
a convenient procedure to monitor the progress of the reaction
in solution.

In practice, a reference potential (RP), or mapping potential,
must be used to enforce the orientation polarization of the
solvent system such that significant time is spent along the entire
reaction path, particularly at the transition state region. One
approach that has been successfully used previously is to linearl
couple the reactant and product VB potential energies shown
in eq 26:

Erpld) = (1 — D)E(Wy) + AEA(W)) (26)
By moving the coupling variablé from O to 1, the system is
driven accordingly from the reactant statg¥;) to the product
state B(W,). The free energy change along this RP path can
be determined by using eq 24, except that the perturbation is
made with respect to small incrementsljrtypically at intervals
of +0.1.

However, the reference potential (eq 26) is used only to drive
the system to go from configurations corresponding to the

v

provides the first practical procedure to directly include the
solvent reaction coordinate in combined ab initio QM/MM
simulation of chemical reactions in solution.

C. Monte Carlo Simulations. Statistical mechanical Monte
Carlo simulations have been carried out for systems consisting
of the ammoniumammonia pair plus 510 water molecules in
a cubic cell with periodic boundary conditions. Standard
procedures were used, including Metropolis sampling and the
isothermat-isobaric ensemble (NPT) at 2& and 1 atm. To
facilitate the statistics near the solute molecule, the Owicki
Scheraga preferential sampling technique was adopted with 1/(
+ C) weighting, whereC = 150 A2 The intermolecular
interactions were feathered to zero at a spherical cutoff distance
between 9.5 and 10 A based on heavy atom separations. New
configurations were generated by randomly selecting a molecule,
translating it in all three Cartesian directions, and rotating it
around a randomly chosen axis. For solute moves, all internal
eometric parameters including bond lengths, bond angles, and
ihedral angles are varied, except that theHN-N atoms are
restricted to being linear with a fixed NN separation of 2.7
A, which is slightly longer than the equilibrium distance for
the ammonium-ammonia complex (2.64 A). The dynamics and
the actual proton transfer pathway are not fully explored
here?9:50 All simulations were maintained with an acceptance
rate of ca. 45% by using ranges &f0.15 A and 18 for
translation and rotation moves of both the solute and solvent
molecules. For the internal degrees of freedom fosNH-H-
-*NH3]*, the N—H bond distances are restricted to£8.002
A, the H-N—N angles are § and the maximum allowed
change in the HN—N—H dihedral angle is 15 The range of
the central proton has a translation range of 0.03 A.

reactant state to the final product state. To obtain the true ground The solute [HN---H--:NH3]* is represented quantum me-

state potential of mean force, an umbrella sampling procedure
is applied to sample the probability of finding configurations
at a given value okS

AG(X) = AGgy?) — RT In (& (& EelIRTy
—RTIn p[X5(A)] (27)

where AGrp(1) is the free energy change on the reference
potential from O tol, and the average is determined using the
potential, Erp(). The quantity o[XS (1)] in eq 27 is the
normalized distribution of configuration that has a valuexéf
during the simulation using the reference potential. It should
be noted that the umbrella sampling calculation is performed,
on the fly, using the same set of Monte Carlo or molecular
dynamics trajectories in the free energy perturbation calculation.
In eq 27, the ground state potentig} can be either the
MOVB adiabatic potential energy or any other ab initio quantum
mechanical energies, e.g., the HF, MP2, or DFT values.
Consequently, the present method is not limited to the MOVB

chanically at the HF and the MOVB level, the latter of which
is used to construct the diabatic VB configurations. The three
point charge TIP3P model is adopted for waeQM/MM
interactions are incorporated into QM calculations via the one-
electron integral term augmented by a nonelectrostatic van der
Waals term. The Lennard-Jones parameters for solute atoms
are taken from ref 57, which are developed for HF/3-21G QM/
MM calculations. The MOVB method has been implemented
into the MCQUB program package, with which combined QM/
MM Monte Carlo simulations can be carried out both at the
semiempirical level and the ab initio lev@lusing the GAMESS
programs for the latter calculatiGA.The MOVB calculations
were performed using a program developed in our group, which
makes use of the integral routines in the GAMESS ®de.

Two sets of simulations were performed at the QM/MM
MOVB and HF level, respectively. In the first calculation, the
MOVB diabatic states are used to define the solvent reaction
coordinate for the proton transfer reaction in water, and the
ground state potential of mean force is determined both at the

potential energy surface. In the present study, we choose to ussMOVB and HF level. Then, the standard HRM/MM

both the MOVB and the Hartred=ock energy as the ground
state potential to compare the performance of the method.
The simulation procedure described above has been ef-
fectively utilized by Warshel and others to study chemical
reactions in solution and in enzyn®<°30In these calculations,
the EVB method is typically used to describe the VB resonance
structure, in which the empirical potential parameters are cali-
brated to reproduce experimental data, and the empirical force
field makes it convenient to describe the diabatic VB states in

geometric mapping procedure was used in a second set of
simulations to obtain the potential of mean force as a function
of the solute reaction coordinate. Five free energy perturbation
windows are used in the MOVB QM/MM calculation, which
are more than sufficient in the present calculation, although it
allows comparison of the convergence from different starting
conditions. In the HFQM/MM calculation, we used a standard
umbrella sampling method to determine the potential of mean
force$! Two simulations are deemed to be adequate. Each
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80 — —_

TABLE 1: Computed Activation Energies (kcal/mol) at the
HF and MOVB Level and the Adiabatic Coupling B and the
lonic State Energy T (kcal/mol)

basis ABHe AEvovs B T
3-21G 1.07 1.18 30.8 36.1
6-31G(d) 4.82 4.91 30.2 30.4
cc-pvTZ 4.64 5.10 28.3 26.9

Energy (kcal/mol)

of the nitrogen atoms in the minimum energy configurations
for the diabatic states with a value ¥k = +0.65 A, whereas

the minimum configuration on adiabatic potential surface is
located aiXR = 0.55 A. The barrier heights predicted using the
larger basis sets are substantially greater than the 3-21G value,
20 — o 5 v o8 although the agreement between HF and MOVB results is good
(Table 1). This difference is due to the use of a fixeetNl

] ] ) ] ) distance of 2.7 A in these calculations, which is longer than
Figure 2. Computed potential energy functions for the diabatic and the minimum value at the HF/3-21G level (2.64 A) but shorter

adiabatic state in the fl—H—NH3]* system in the gas phase using
the 6-31G(d) basis function. The reaction profile at the HF/6-31G(d) than the HF/6-31G(d) and HF/cc-pVTZ values (2.82 and 2.81

level is shown in dotted curve, which nearly coincides with the MOVB A). The inner side of the potential energy surface is much steeper

XPh)

adiabatic potential energy. than the exteriof? The agreement between MOVB and HF
results demonstrates that given a basis set, the MOVB method
calculation window consisted of at leask21(f configurations IS reasonable in describing the potential energy surface for a

of equilibration, followed by 2x 10° configurations of chemical process involving the breaking and formation of
averaging. All computations are performed on an Origin 2000 chemical bonds. Interestingly, the predicted coupling energy B
computer at the Center for Computational Research at Buffalo. is relatively insensitive to the basis functions used, whereas
the ionic state is significantly stabilized using a large basis set
4. Results and Discussion (Table 1).
We note that the representation of the VB resonance structures
A. Gas Phase Potential Energy Surfacedhe diabatic and  in the MOVB method makes use of a HF description for the
MOVB adiabatic potential energy profiles for the proton transfer N—H bond in 1 and 2 (eq 23). These configurations can also
reaction of NH* + NH; — NH3 + NH," in the gas phase are  pe described by two covalent VB structures in a way analogous
depicted in Figure 2. The geometries used in the MOVB tg the GVB approack? If such a GVB alternative is used to

calculations are taken from the corresponding HF optimization describe the bonding electron pairs, electron correlation effects
with fixed values of the reaction coordinat&Xvhich is defined can be included in MOVRB calculations.

as the difference between the twe-N bond distances (Figure B. Bimolecular Complexes.To assess the validity of the

1). Furthermore, the NN distance is fixed at a separation of  MOVB—QM/MM model for simulation of solvent effects on
2.7 A, which is used in subsequent simulation calculations. the proton transfer process in water, hydrogen-bonding com-
The potential energy profiles for the two diabatic VB plexes of HNH™---NH3 with water have been investigated. The
configurations intersect ax® = 0 A, corresponding to the  results are compared with HF/3-21G QM/MM calculations and
transition structure where the proton is located in the middle full ab initio HF/6-31G(d) calculations. Intermolecular geometry
between the two nitrogen atoms (Figure 2). The energy at the optimizations for the hybrid potentials are executed using a
crossing point of the two diabatic states,dhd B, is 19.4 kcal/ simulated annealing technique in Monte Carlo calculations, with

mol above the minimum configuratioix® = +£0.65 A) using which the temperature is gradually annealed from°g5to

the 3-21G basis set, and 28.4 and 26.4 kcal/mol, respectively,—273.0°C. For the MOVB QM/MM optimization, interaction
using the 6-31G(d) and cc-pVTZ basis set. Figure 2 depicts the energies are computed both for the diabatic valence bond
results obtained using the 6-31G(d) basis set. As expected, theconfigurations and for the adiabatic MOVB ground state
diabatic potential energy surface for the reactant stai¢ (E potential. In these computations, theNdH*--NH3 structure is
monotonically increases as the proton migrates to the productfixed in the geometry at the HF/3-21G level, while experimental
state. Concomitantly, the potential energy for the product state values are adopted for water.

(E2) mirrors the change of the reactant state in decreasing order. Computed interaction energies for the interaction between

The potential energy surface for the ionic stai&, = [HsN:, [H3N---H---NH3]* and a water molecule are listed in Table 2.
H*, :NH;g], has a minimum aX® = 0 A, with an energyT = Full ab initio HF/6-31G(d) results are compared with data
36.1, 30.4, and 26.9 kcal/mol above the intersection from the obtained from the hybrid methods at the HF and MOVB levels.
three basis sets. The estimated binding energies from QM-HF/3-21G/MM

The adiabatic MOVB ground state potential surface is calculations are about 3 kcal/mol smaller than the corresponding
significantly lower in energy than the diabatic surfaces, with a full HF/6-31G(d) optimizations. This is a consequence of the
coupling energy of B= 30.8, 30.2, and 28.3 kcal/mol at the relatively longer hydrogen-bond distance predicted at the hybrid
transition state at the MOVB(3)/3-21G, 6-31G(d), and cc-pVTZ level. Although the deviation may be alleviated by adjusting
level, respectively (Table 1). The barrier for the proton transfer the Lennard-Jones parameters, this optimization was not carried
is predicted to be 1.2 kcal/mol at the MOVB(3)/3-21G level, out further because the relative interaction energy on going from
which may be compared with the Hartreleock value of 1.1 the ground state to the transition state structure faiNH+tH-
kcal/mol using the 3-21G basis set. In this notation, MOVB- --NH3]™" is in reasonable agreement with full ab initio calcula-
(3)/3-21G, the number in parentheses specifies the number oftions. The MOVB interaction energies follow similar trends as
configurations employed in the MOVB calculation. It should that for the HF/3-21G/TIP3P model, though they are in slightly
be noted that the central proton is more localized toward one better accord with the ab initio results. Overall, combined
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TABLE 2: Combined Bimolecular Interaction Energies (kcal/mol) for [H 3N--+H---NH3]™ and Water Complexes

H20"'[H3N_H+"'NH3]a

H20"'[H3N"'H'"NH3]+a

R(O-N), A AE RO-N), A AE
HF/6-31G(d) 1.86 ~16.1 1.96 -13.2
HF/3-21G-MM 1.91 ~13.2 1.95 111
MOVB/3-21G-MM 1.88 ~13.3 1.95 111
MOVB(E;)/3-21G-MM 1.86 ~14.2 1.95 -126

a Species in square brackets are treated quantum mechanically in QM/MM calculations using the 3-21G basis set.
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Figure 3. Computed potentials of mean force using the HF/3-21G
and MOVB(3)/3-21G ground state potential energy surface from ab

initioc MOVB/MM Monte Carlos simulations. The NN distance was
fixed at 2.7 A in all simulations.
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Figure 4. Comparison of computed potentials of mean force from
energy mapping (X solid curves) and geometrical mapping()dash
curves) procedures at the HF/3-21G level. TheNNdistance was fixed

at 2.7 A'in all simulations. The two reaction coordinates are matched
by scaling the ground state and transition state positions.

MOVB/MM calculations yield results similar to those from the
combined HF/MM model.

C. Potential of Mean Force in Aqueous SolutionFigures
3 and 4 show the key findings of the present study, which
illustrate the potential of mean force (pmf) for the proton transfer
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Figure 5. Computed diabatic state potential energy curves, averaged
over 2 million configurations, in aqueous solution (solid) and in the
gas phase (dashed). The 3-21G basis set is used.

combined HF/3-21G/TIP3P level (Figure 4, dashed curve).
Figure 5 depicts the diabatic potential energy surfaces using
the 3-21G basis set for the three VB states in the gas phase and
in water.

The effect of solvation on the predicted barrier height is
significant from both HF and MOVB pmf's in Figures 3.
Importantly, the HF and MOVB results are in excellent
agreement. At the HF level, the computed activation free energy
AG* is 3.3 kcal/mol, representing an increase of 2.2 kcal/mol
over the gas phase process. Similarly, the MOVB activation
energy is determined to be 3.4 kcal/mol, in good accord with
the HF prediction. The error ranges shown in Figure 3 are
estimated from 3 to 5 overlapping windows used in the free
energy simulation, which are aboti0.1 to+0.5 kcal/mol. For
comparison, large solvent effects on the activation barrier for
the proton transfer between WHand NH; in water have been
found previously*®5 Chuang et al. described a method that
incorporates a continuum solvation model in electronic structure
and dynamics calculations for reactions in solution by making
the separable equilibrium solvation and the equilibrium solvation
path approximatiofit Applying this method to the Nt+--NH3
proton transfer reaction using the PM3 semiempirical model
coupled with the SM5.4 solvation model, Chuang et al. found
that solvation increases the barrier along the adiabatic potential
surface by 4.2 kcal/mdt In this case, the PM3 model
significantly overestimates the gas phase reaction barrier in the
gas phase, which is 9.5 kcal/mol. Interestingly, it was found
that quantum mechanical tunneling is dominated by the large-
curvature mechanisfi.In a separate combined QM/MM AM1/
TIP3P Monte Carlo simulation study, the barrier height was
estimated to increase by about 2.5 kcal/mol at anNN

reaction in aqueous solution. In Figure 3, the free energy changesseparation of 2.7 A% The present results suggests that the

were obtained as a function of the reaction coordiné@te: E;
— E, using the HF and MOVB ground state potential energy

surface. For comparison, the potential of mean force was also

MOVB method may be effectively utilized to describe the
potential energy surface for chemical processes in solution.
It is of interest to compare the predicted activation energy

determined using a geometrical mapping procedure at theobtained by the geometrical mapping procedure in Monte Carlo
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simulations at the combined QM-MM HF/3-21G-TIP3P level. effects increase the barrier height by about 2.2 kcal/mol from
In this case, the solvent reaction coordinate is not explicitly both the MOVB and the HF ground state potential energy
included in the definition of the reaction coordinateR Xt surface. The diabatic states are more stabilized by aqueous
should be noted that if the simulation is carried out sufficiently solvation in the ground state region than at the transition state.
long, the computed barrier heights from these two simulation The present study demonstrated the feasibility of ab initio
protocols should be the same. In practice, localization of MOVB, albeit using a modest basis function in the present
electronic wave function in combined QM/MM calculations may investigation, for studying chemical reactions that incorporate
render difficulties of fast convergence near the transition state explicitly the solvent reaction coordinate in combined ab initio
region. In the present case of JN—H—NH3]* in water, we QM/MM simulations.

found that the predictechG* is 3.5 kcal/mol using the geo-

metrical mapping procedure. This is only slightly greater than ~ Acknowledgment. This work has been generously supported
that obtained using Xas the reaction coordinate (3.3 kcal/mol). by the National Institutes of Health and the National Science
The present finding is in contrast to a recent study of the proton Foundation. We thank Professor Donald G. Truhlar for carefully
transfer of [HQ+-H+--OH]~ system, where significant difference  reading the manuscript and numerous suggestions.
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