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A New Method of Determining the Nonempirical Potential Functions—Application to an
lonic Fragmentation Reaction oftert-butyl Chloride in Aqueous Solution

Toshio Watanabe and Osamu Kikuchi*
Depertment of Chemistry, Urersity of Tsukuba, 1-1-1 Ten-nodai, Tsukuba, 305-8571, Japan
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A new nonempirical method of determining the effective pair potential functions which are suitable for the
molecular simulation of heterolysis reactions has been proposed. The self-energy correction due to the
polarization in solution was estimated by the ab initio GB calculation which includes the solvent effect by
the continuum model using the generalized Born formula, and the polarization caused by solvation was
incorporated in the effective pair potential functions. The method was applied to the ionic fragmentation
reaction oft-BuCl in aqueous solution. The effective pair potential functions betwdarCl and water were
determined at 12 different -©Cl distances, and expressed by analytical functions which cover the whole
reaction stage, from the covalent bonding region to the dissociated free ions. The Monte Carlo simulation
and statistical perturbation theory using the effective pair potential functions determined the free energy profile
of the reaction with a reasonable dissociation energy.

1. Introduction 1 I

. . Self-polarization =
Chemical phenomena are drastically changed by transporta- energy B (R
tion from gas phase to solution, and incorporation of the “ %ﬁx%\\\\%%
solvation effects into chemical models has been of great interest N
for several decadés2 Among such methods, molecular simula-

2

Si{nulation' with  Simulation with
tions such as Monte Carlo (MC) and molecular dynamics (MD) palrp%tjma] ,";f,ftiﬁiﬁ pasz l
simulations which deal with a large number of solvent molecules
are widely used. In these methods, accuracy in describing the IH@W il AY
force field of the system determines the reliability of the Correction by
simulation. Although a density functional theory is used as a i W;’}?gg"g‘z &
force field in ab initio quantum mechanical (QM) MD simula-
tions? its vast computational cost is critical in moderate size @ @ N

reaction systems. So the molecular mechanical (MM) intermo- D
Ieculgr par pote_ntlal functions or th_e QM/MM coupled potential Figure 1. Schematic representation of four states of a selgtdvent
functions are widely used to describe a large number of solvent system and conceptual steps to determine the solution state. The
molecules in the simulations. unshaded and shaded molecules mean nonpolarized and polarized

A QM/MM simulation takes into account the polarization of mo_lecules, respectively.is the ;olute moIecu_Ie in the gas _phase and
a solute molecule induced by the molecular mechanical solvent” is the _solute _molecule having t_he _polanzed electronic structure

. . _expected in solutior.andll and polarization self-energy are calculated

molecules and considers the solvent effect on the electronicpy e ap initio GB methodll andIV are calculated by the molecular
structure Of the SO|Ute m0|eCU|e dynamlca”y The Charge transfer simulations. By the conventional method’ pair potentia| functi@ﬁs'
is not considered. A QM/MM simulation using a high level of are determined with ab initio calculations for the nonpolarized system
QM calculation is not easy, and an economical QM calculation, in the gas phase, and many-body effects are sometimes introduced to
such as PM3, has been used. In the MM simulation, the quality improve the pair potential function. Systeivi can be expressed by
of the potential functions between the solute and solvent USing the effective pair potential functiofer, between the polarized
molecules is a key factor. Its economical computational cost solute molecule and solvent which are determined in this study.

allows researchers to carry out large scale simulations andusing this pair potential function describes systémin Figure
detailed analyses for chemical phenomena in solution. 1. When the solute molecule polarizes to a large extent in
In the MM method, there are two ways to determine the solution, the ab initio energies calculated in the vacuum state
intermolecular pair potential function. One is an empirical are not appropriate to determine the pair potential function which
method which determines the pair potential function to repro- describes systetv . Several improvements have been suggested
duce a specific experimental property like the density of pure to describe systedV in Figure 1; an introduction of the three-
liquid. The other is a nonempirical method which is based on body interaction term;” a usage of parameters responsible to
the intermolecular interaction energies calculated by ab initio the force field’"1° and an incorporation of the polarization of
molecular orbital (MO) theory. In this case, the pair potential the solute molecule in the effective pair potential function
function between the solute and solvent molecules is determined(EPPF) by a mean field approximatiéh.2!
so as to reproduce the interaction energies calculated for the Although the polarization of a solute molecule can be
solute-solvent dimer in the vacuum state. The simulation by incorporated in EPPF by a mean field approximation, most
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existing EPPF do not include correctly the self-polarization  To carry out the MM simulation for the whole range of this
energy which is the energy of distortion in the electronic reaction, the effect of polarization of the solute molecule in
structure caused by solvation. For example, the pair potential aqueous solution, which is incorporated explicitly in the QM/
functions of water determined empirically, such as TI#4nd MM and EVB simulations, should be incorporated in the EPPF.
SPC3 do not take into account the self-energy due to polariza- However, the determination of such EPPF cannot be obtained
tion. Berendsen et &f.pointed out the lack of a self-polarization by ab initio calculation in the gas phase because the electron
energy term in SPC and improved the simulation results by affinity of t-Bu™, i.e., the first ionization potential ¢fBu group,
including the self-polarization energy in the SPC model of water. is larger than the electron affinity of Cl and the heterolysis of
Watanabe and Kleff also improved the TIP4P type potential t-BuCl does not occur in the gas phase.
function of water by considering the self-polarization energy.  The new method described in this study determines the EPPF
There are several studies to determine the EPPF nonempiri-which includes the polarization effect and makes the MM
cally. Floris et al~13 proposed the nonempirical method by simulation over the whole range of the heterolysist-&uCl
using a polarizable continuum model (PCM) and determined possible.
the EPPF between various mono-atomic cations and water. The
calculation of the various mono-atomic cations associated by 2- Method
water molecules in the first and/or the second solvent shell has | the MC simulation of the solution in which a solute
been employed to determine the EPPR! In these studies of  molecule polarizes to a large extent, the pair potential functions
highly charged mono-atomic cations, the charge transfer is petween the solute and solvent molecules should include the
important, and the polarization of the mono-atomic cation effect of the polarization of the solute and solvent molecules
prodgces little effect, and the self-polarization energy was not which is caused by solvation. To determine such potential
considered. functions nonempirically, the present method takes two steps.
In the present work we propose a nonempirical method of |n the first step, we calculate the polarized electronic structure
determining the EPPF, which incorporates the polarization in of the isolated molecule using the ab initio GB metféd°
the pair potential functions by the mean field approximation. It and estimate the self-polarization energy. In the next step, we
is shown that the self-polarization energy of a molecule is calculate the interaction energies between the polarized solute

derived straightforwardly by the ab initio GB meth&u* and solvent molecules, and the parameters in the EPPF are
which includes the solvent effect by the continuum model using determined to reproduce their interaction energies.
the generalized Born (GB) formula. 2.1. Calculation of the Polarized Electronic Structure and

The proposed method is then applied to the ionic fragmenta- Self-Polarization Energy. The polarized electronic structure
tion reaction ottert-butyl chloride {-BuCl) in aqueous solution.  of a solute molecule is calculated by using the ab initio GB
According to the current view for 8 type dissociation of calculation. The Hamiltonian for the ab initio calculation with
t-BuCl in aqueous solutioft 33 t-BuCl dissociates to free  a continuum model is represented as a sum of the Hamiltonian
ions via a contact ion pair (CIP), and then a solvent-separatedfor a solute moleculetdp, and for the solvent effect expressed

ion pair (SSIP). by the continuum modeks,
t-BuCl=t-Bu" ClI" = t-Bu"//ClI" =t-Bu* + CI” H = Ho + H, @
CIP SSIP free ions ) ) )
The energy of an isolated molecule in the gas phase is expressed

The activation free energy for the hydrolysis 6BuCl by Ho and the unpolarized electronic structuf’
was reported to be 19.6 kcal/mdlThe CIP and fully sepa- gas % %
rated ions were considered to have the same free energy, E% = W9 H,| w9 (2)
14.5 kcal/mol above the reactant, though the uncertainty was
at least+5 kcal/mol3% The energy of a molecule in solution is obtained by using

Jorgensen et &f investigated the potential energy profile for the Ham_lltonlan ineq ;LOland the wave function for the polarized
the ion pair region in the hydrolysis 68uCl by MC simulation. electronic structurelWs°r] by:
They showed a well-defined minimum for a CIP at aCl <ol <ol <ol
distance of about 2.9 A, and a minimum for an SSIP at 5.75 A. E™ =W Hy + HW™ )

Their calculation was confined to the ion pair region. o
Keirstead et a¥ carried out the empirical valence bond Which is the sum of two components,
(EVB) simulation for the CIP formation front-BuCl. Their <ol <ol <ol
method can treat the nonequilibrium solvation by explicitly EV=E  +E (4)
including the coupling between an ionic state and a covalent
state. They obtained a reasonable value for the free energywhere
barrier which separatesBuCl and CIP, although the CIP was
predicted to be lower in energy thaBuCl. B = W™ Hy W™D (5)
More recently, Hartsough and Méfzcarried out the QM/
MM simulation for the {1 heterolysis of-BuCl in water using
the semiempirical PM3 Hamiltonian for the solute. Their ) ) ) )
simulation covered the whole range of the reaction coordinate. Ec*'is the energy of the isolated molecule having the polarized
They obtained a reasonable result only when the correction was€!€ctronic structure and the difference betwdsgp and the
taken into account in the long-range soku®lvent electrostatic ~ €nergy of the isolated molecule in the gas ph&se; is the
interaction: a deep minimum corresponding to a CIP and a Self-polarization energy,
shallow minimum corresponding to an SSIP appeared at 2.9
and 6.4 A, respectively. B =B — B (7)

Essol — ‘]psollH IIISO'D (6)

d
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which is defined as the energy spent for distortion of the TABLE 1. Parameters and Results of MC Simulation of

molecular and electronic structures by solvafibi@ince E92s Water
is the lowest energy of the system in an isolated s@tg,is this
positive. In other wordsEP® is destabilization energy. study  TIP4P  WKe®  experiment
SinceEs°! represents th_e energy in solution, the usage of the Ry, (A) 0.9572 0.9572 0.9572 0.9592
EPPF determined by using® for the solute-solvent dimer Rom (A) 0.15 0.15 0.15
causes a double counting of the solvation energy. The interaction JHOH dsg) B 10452 104.52 104.52  104%52
energy which should be used for the determination of EPPF is é(llicall o m‘l{'l ) ggoéo ZZ‘;G 3}2%3;2
obtained by usin@*® instead ofEs°. The wave function¥se] QN(I (?a? mol™) Tls6 104 124
is obtained by ab initio GB method. . . Qu (8) 0578 052 0.62
2.2. Determination of the Effective Pair Potential Func- effective interaction —12.45 — —14.46
tion. The present EPPF describes the effective interaction energy  energy (kcal mott)
between solute and solvent molecules which is evaluated for E (kcal mol?) 274 = 3.97
the gas-phase Hamiltonian by using the wave function expected Intzzgecutl%r;ﬁ%ergy —9.71 -1007 -1049 -9
in the solution. Thu_s, the interaction energy between solute and 4 (g o) 1011 0999  1.000 0.997
solvent molecules is expressed as dipole moment (Debye) 2.424 2177  2.596 1.85
int __ — sol _ (& sol sol aThe MC simulation carried out for the NPT ensemble (216
ET=E" (V- (& (O +E(V) (®) molecules, 1.0 atm, and 298 K)Ref 22.¢ Ref 25.9 Ref 38.¢ Ref 39.

fThis value is equal to the dipole moment calculated using the ab initio
whereS andV represent solute and solvent molecules, respec- GB method with the 6-31G* basis set.

tively, andS—V is the solute-solvent system. The subscript 0 _ _
indicates that the energy is evaluated for the gas-phase Hamil- 3.1. Calculation. At first, the EPPF betweerBuCl and a
tonian. The EPPF is expressed by the Lennard-Jone§)l2 Wwater molecule was determined. The geometry-BfiCl was

terms and the Coulomb term as optimized withinC3 symmetry and locaCs; symmetry for the
methyl groups for various €CI distancesRc—¢)) in the range
A G Qinez of 1.70 A < Re—¢ < 9.00 A using the ab initio GB 6-31G*
ngg = _—— (9) method with the dielectric constantseof1 and 79 for the gas
i fe Rijlz R“_G Ry phase and aqueous solution, respectively. For each of the

selected 12 €Cl distances of-BuCl, the interaction energies,
where a and 8 are moleculesj andj are interaction sites, ~E™, were calculated for 126 orientations of th8uCl=H,0
A; andC;j are the Lennard-Jones parameters between the site$ystem. The electron correlation plays an important role in this
i andj, Qi is the charge of the site andR; is the distance  Systent’and the energy was corrected using the MP2/6:G1
between the Site'sandj_ The parameter@i, A”, and CI] are CalCUlat!On for the structure 0pt|m|zed by the HF/6'3lG*
determined by the least-squares fitting between the quantumcalculation. In eq 9, the methyl groups were treated as united

mechanical interaction energf™, and the energy of the atoms. The Lennard-Jones parameters proposed by Jorgensen
potential function E™ et al3 were used for the central carbon atomtiBu*. From
s

The sum of the EPPF determined in this procedure the parameters of the EPPF determined for the 12 different
structures ot-BuCl, the EPPF which covers the whole range
gint of the reaction coordinate was determined by interpolation.
z ; of The parameters for water in the pair potential function
08 >a

were newly determined in order to reproduce the dipole moment
does not give the interaction energy of the solgelvent of ab initio GB 6-31G* calculation, experimental density
system, and the interaction energy is obtained by adding the(0.997 g/cm), and the pair correlation functions for water.

self-energy required to polarize the solusolvent system, The procedure followed the WK modein which the EPPF of
water was determined using a mean field approximation. The
ZEEO' parameters and properties of the EPPF were listed in Table 1

o and in Figure 2. The TIP4Pand WK25 models for water were

L o also employed to compare the solvation energies calculated by
where EI is the self-polarization energy oft molecule MC simulation.

defined in eq 7. Thus, the total energy of the system is expressed The MC simulation was carried out by the NPT ensemble

by for one t-BuCl solute and 506 water molecules in a periodic
ot it ool gas rectangular cubic cell which had a variable dimension of ca.

ET= Z;Z Eus + ZEQ + ZE“ (10) 22 x 22 x 30 A#0The pressure and temperature of the system
o pra o o were 1.0 atm and 298 K, respectively. The interaction energies

calculated by the EPPF were truncated at 10.0 A. The change
of the solvation free-energy was determined by using“S#T
along theRc_¢; stretching in steps of 0.05 A. Double-wide
sampling? was used and 0.10 A of the-€CI distance could
The present method was applied to the ionic fragmentation be covered in each MC simulation.
of t-BuCl. In the following section, we determined the EPPF  All MO calculations were carried out using our ABINIT
betweent-BuCl and a water molecule that covers the whole program and MC simulations using our SIMPLS program on
region of the C-Cl distance. By using this EPPF, Monte Carlo HP J282 workstations and GAIA-300 personal computers.
simulation and statistical perturbation theory (SPT) methods 3.2. Molecular and Electronic Structures oft-BuCl. The
were carried out to calculate the free energy profile for the optimized molecular structures, relative energies, and charges
reaction. of t-BuCl along the reaction coordinate are listed in Table 2.

whereEZ**is the energy ofx molecule defined in eq 2.

3. Application to the lonic Fragmentation of t-BuCl
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3 TABLE 2: Relative Energies, Polarization Self-Energies
) @ / (kcal/mol), Bond Lengths (A), Bond Angles (Degrees), and
& L Lowdin Charges of t-BuCl Calculated by the Ab Initio GB
""" Method?
o LA
2 3 4 5 6 1 8 9 Re-ci AE o Rc-c Re-n OCICC Qg
Distance between 0O (A) 170 410(3.11) (570 45y 1.534 1.085 109.1—-0.008
5 4.37(2.69) : 1.533 1.085 109.1-0.012
I 1.80  0.19(0.00) 0.32(-0.33) 1.527 1.084 107.7 —0.082
S . 0.51(—0.33) 1.527 1.085 107.8—0.094
ju 183 0.00(0.01) 4, gy 1526 1.084 107.3 —0.103
0 L 0.34(—0.27) — ' 1.525 1.085 107.4-0.119
61 23 45 6 7 89 190 0.76(121) 00 0g) 1522 1.084 1064 —0.155
Distance between O-H (A) 1.18(1.13) : 1521 1.084 106.4—0.180
2.00 3.81(4.92) 1.516 1.084 105.0 —0.229
1o 4.44(5.38) 0-62(047) "I'51571 084 105.0-0.270
Gy
21 2.20 12.88(15.82) 1.46( 2.86) 1.507 1.083 102.2 —0.378
14.34(/18.68) 1.505 1.083 102.2—-0.459
0 2.50 26.88(33.99 1.496 1.083 98.4 —0.585
0 1 23 4 56 7 89 30.17((41.90)) 3.29(7.91) ) 492 1.082 98.3-0.709
Distance between H-H (4) 280 38.60(49.85) 4 o5 g 41y 1489 1.083 952 —0.744
Figure 2. Calculated (a) oxygenoxygen, (b) oxygerrthydrogen, and 42.65(59.26) ) 1.483 1.081 95.6-0.861
(c) hydrogen-hydrogen radial distribution functions of liquid water 3.00 45.10(58.66) 3.78(8.38 1.484 1.083 93.3 —0.832
(dotted curves) obtained by using the potential function determined 48.88(67.04) (8.38) 1.479 1.081 94.3-0.917
in the present work. The experimental data (solid curves) are from 359 55 95(73.37) 1.476 1.085 90.0 —0.946
refs 44-46. ' ' agy 3:31(5.32) 7 ' ' '
59.26(78.69) 1.474 1.082 91.9-0.974
. . 4.00 66.55(83.79) 1.475 1.086 90.0 —0.976
The energy minimum structure in the gas phase was found at 68.43(/88.00) 1.88(4.20) "3 47471.082  90.0-0.990
Rc—ci = 1.83 A. The heterolytic €CI bond dissociation energy 5.00 84.44(100.78)1 22(2.21) 1.475 1.086 90.0 —0.997
in the gas phase, which is largely method-depenéfentas 85.67(102.99) ™ : 1.474 1.082  90.0-0.999
evaluated as 150.58 kcal/mol, which was compared with the 6.00 95.73(112.38) | 86( 1.05) 1.475 1.086 90.0 —1.000
experimental value of 16& 6 kcal/mol3° The energy calculated 96.59(113.43) ™ ' 1.475 1.082  90.0-1.000
by the MP2/6-3%G**//[HF/6-31G* level was 167.17 kcal/mol, 7.00 103-52(120-36)0_73(0.70) 1476 1.086  90.0 —1.000
showing that the electron correlation effect stabilizes the 104.25(121.06) 1.475 1.082  90.0-1.000
covalent electronic state more than the ion-pair state. 8.00 11103-035’((11225-5%)0_69( 0.62) 1-14157551-1022 ) 93-00 ojlggg
Charge separation between thBu group and Cl was almost 0 113.90(130.83) 1476 1.086 90.0 —1.000
completed aRc—¢; = 3.5 A, and the charges of the fragments 114.57(131.44)2-88(0-61) "1 47571 082~ 90.0-1.000
become unit charges f(Rcfc| > 3.5 A The structural Change o 150.58(167.17)0 66( 113 1.476 1.086 — —1.000
was also almost completed ®c-c; = 3.5 A, and the 151.24(168.30) (113) "1475 1082 — —1.000

hybridization of the cc_antral carbon atom in tfdBu group aThe upper values are for the gas phase=(1), and the lower
changed from spto s, Rc-c became shorter by 0.05 A and_ values are for the aqueous solutiens 79). The values were calculated
UCICC became smaller by 17.3 degrees. The effect of solvation gt HF/6-31G*//HF/6-31G* level, and the values in parentheses were
on the solute energy was the largesRatc) = 2.8 A, where calculated at MP2/6-3#G*//HF/6-31G* level.

EPol was 4.05 kcal/mol. At this €CI distance, the electronic

structure is described by substantial mixing of covalent and ionic  To apply the EPPF to the SPT calculation, the charges were
states and the destabilization of the solute molecule caused byexpressed analytically as a function Ré-ci, Q(Rc-ci), using
polarization is large, because the solvation increases thethe following equation,

contribution of the ionic state iRBUCI. Inclusion of the electron
correlation effect enlarges tH#°!, because the stabilization by
the electron correlation is relatively small for the ionic electronic
state which has larger contribution in solution than in the gas \ypere a were fiting parameters listed in Table 3. The

phase. parameters of the Lennard-Jones terms have a minimum or a
3.3. EPPF betweert-BuCl and Water. The EPPF param-  maximum neaRc-c; = 4 A. This characteristic feature comes
eters oft-BuCl determined for the new water model are shown from the bonding property of which changes from the covalent
in Figure 3. The charge of the chlorine atom at 9.0 A was almost bond to an ionic one near this region. To represent these
a unit charge;-0.988. This was obtained without any restriction variations in the Lennard-Jones parametBrs, appropriately,
except the total charge of the system which was set to be zero,the following functions were employed,
because the charges of the water model were determined to
reproduce the dipole moment calculated by the ab initio GB p (N =(a,+a,r™) f(r:ay) + (a, + a; ™)1 — f(r:a)) (12)
method using the 6-31G* basis set. The corresponding values v 12 N 8
determined by using the TIP4P and WK water models were
—1.098 and—0.921, respectively; they deviate from a unit
charge because the charges of these water models do not
reproduce the dipole moment calculated by the ab initio GB wherea; andn; were fitting parameters listed in Table 4.
calculation. Deviation of the charge of Cl from a unit value The correlation between the energies calculated by the ab
causes a significant error in evaluation of the solvation energy initio GB method and the EPPF determined in this work is
of the ionic species at the dissociation limit. shown in Figure 4. The standard deviation of these interaction

Q) =a, +a,exp@;r’+a,r) + a;expgr’)  (11)

f(ra) = %(tanh( —a)+1) (13)
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Figure 3. The parameters in the effective pair potential functions for
t-BuCl as a function of the €CI distance. (a) The coulomb parameters
Q for carbon at the center 0fBu* (dotted line, squares), methyl groups
(broken line, triangles), and chlorine (solid line, circles). (b) The
Lennard-Jones repulsion paramet&rsor methyl groups (broken line,

Watanabe and Kikuchi

[
o

W
T
<«

ab initio energies (kcal/mol)

-15 ; L i 1
-10 -5 0 5 10

Energies calculated by EPPF (kcal/mol)

Figure 4. Comparison between the interaction energies obtained
by ab initio GB calculations and the EPPF for thduCl—H,O
configurations.
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Figure 5. Free energy profile for the ionic fragmentation teBuCl
plotted as a function of the carbewhlorine distance. The energy is in
kcal/mol and the distance is in A. Solid line shows the results based
on the MP2/6-3%+G*//HF/6-31G* calculations, while dashed line shows
the results based on the HF/6-31G*//HF/6-31G* calculations.

triangles) and chlorine (solid line, circles). For carbon at the center of the ionic fragmentation of-BuCl in aqueous solution, which

t-Bu', the fixed value of 66.8 kc&imol~6 was used® (c) The Lennard-
Jones dispersion paramet&sfor methyl groups (broken line, triangles)
and chlorine (solid line, circles). For carbon at the centdrBii™, the
fixed value of 5.76 kcdtmol3-A—3 was used®

TABLE 3: Parameters for the Coulomb Term2 in EPPF

a & as a as as
for chlorine —0.988 0.264 0.358-0.0736 0.250—0.0935
for methyl 0.217 —3.56 —0.150 —0.000942 2.86 —0.139

group

aThe charge for carbon at the center teBut was decided by

Qc = —3Qwme — Q.

TABLE 4: Lennard-Jones Parameters in EPPF for the ClI
Atom and CHj3 Groups of t-BuCl

a1 az ag a as n N
Cl
A 2130 155000 -—486 269 —-1460 3 2
C 475 1310 0.846 3.67 —52.7 2 4
CH;s
A 2070 —70200 -—1.39 3.79 4040 3 5
C 481 337 -—-0.0814 4.19 101 2 5

aThe Lennard-Jones parameters for carbon at the centeBof
were taken from literature (ref 36).

was calculated by eq 10, is displayed in Figure 5, and the
corresponding numerical data is listed in Table 5. In Figure 5,
the energy of the isolated solute molec&#swas calculated

by HF/6-31G*//HF/6-31G* (dotted line) or MP2/6-31G**//
HF/6-31G* (solid line) level.

The energy minimum at the -€Cl| distance of 1.85 A
corresponds to theBuCl molecule, and the second minimum,
which appears at ca. 3.7 A, corresponds to the CIP. The result
based on the HF calculation largely underestimates the dis-
sociation energy. In this reaction system, the inclusion of
electron correlation favors the covalent stét@nd the energy
profile was corrected by the MP2 calculation. The MP2
corrected relative energy of the free ions, 14.96 kcal/mol, agrees
well with experiment, though the activation energy, 28.52 kcal/
mol, is slightly overestimated. This overestimation may be
attributed to (1) the lack of the electron correlation in the
determination of the EPPF, (2) the disadvantage of the mean
field approximation, and (3) the adoption of the simple form
for the pair potential functions.

With respect to the first point, we carried out the MP2 and
the counterpoise calculatioR®f the solute-solvent interaction
energy at several €Cl distances, and confirmed that-680%
of the electron correlation are compensated by the basis set
superposition error (BSSE).

With respect to the disadvantage of the mean field ap-

energies was 0.73 kcal/mol, suggesting that the EPPF reproduceyroximation, the model of Keirstead etBwhich is responsible

the ab initio GB energies well.

3.4. Energy Profile for the lonic Fragmentation Reaction
of t-BuCl in Aqueous Solution. The free energy profile for

for the change in solvation, may be appropriate to predict the
transition state (Tg between the reactant and CIP. Oun TS
located atRe—c; = 3.00 A and CIP aR-_¢; = 3.75 A, which
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TABLE 5: Relative Energy (in kcal/mol) for the lonic Fragmentation of t-BuCl

this study ref 36 ref 37 ref 34 ref 34 ref 34 exptl.
AGreact 0.00 (1.85 A) — () 0(1.8A) 0(1.8A) 0.0 (1.8 A) 0.0 (1.84) 0.6
AG:e 28.52 (3.00 A) — () 21(2.3A) x (—) 17.8 (2.3 A) 23.4(2.5A) 19.5€)
AGgip 24.92 (3.75 A) 1.88(2.88A) —-1(2.9A) x () 9.1(29A) 22.9(2.9A) 14.5%5.0 )
AGS 30.27 (5.00 A) 4.03 (413 A) ) ~57 (5.5 A) 20.5 (5.2 A) 239354 —()
AGssip x () —2.12(5.75 A) ) ~55 (6.5 A) 1936.44)  x(—) )
AGreer  14.96 (9.00 A) 0.00 (10.00A) —(-) ~58 (-) 20.6 ) 10.0 (9.0 &) 18.5¢)

aThe MP2/6-33%-G**//[HF/6-31*G calculation.” Without any correction¢ With Born correctiond With charge correctiort The relative activation
free energy between reactant and ClPhe relative activation free energy between CIP and free IP.

are larger than the reported vali#g§53” Our method can be
incorporated with the empirical valence bond model like
Keirstead et al¥7 and we are planning such an extension of the
present model.

It may be difficult to describe the interaction near the CIP
region correctly by simple forms of pair potential functions. In
this area, the molecular structure of th8u group changes
betweenCs, and Cs, symmetries, and the united atom ap-
proximation of the methyl groups could not reproduce this
conformational change well. This is also the reason the MP2
corrected result overestimates the energy in this area.

Hartsough and Me#Z obtained a free energy profile of the
reaction similar to that in Figure 5 by adopting the charge
scaling correction; if the scaling correction was removed, the
activation energy for the dissociation was vary larg&T kcal/
mol). They used the semiempirical PM3 Hamiltonian for the
solute molecule; the charges of the TIP3P model for water wer:
not suitable for the PM3 Hamiltonian, and this is the reason
the charge scaling correction was required. It is indicated that
the QM/MM method, in which two different methodologies are
used in each region, is hard to use to describe the sedaigent
interaction correctly.

Although the long-range Coulomb interaction plays an
important role in this system, the Born correction of Hartsough
and Mer2*is not suitable, becauséBuCl behaves as the dipole

4. Conclusions

A new nonempirical method is proposed which determines
the pair potential functions suitable for the simulation including
a highly-polarizable solute molecule. In this method, the ab initio
GB calculation, which includes the solvent effect by the
continuum model using generalized Born formula, was used to
evaluate the interaction energy between the polarized solute and
solvent molecules, and the polarization effect caused in solution
was incorporated into the potential function. Though we used
a simple form for the potential functions, the extension to other
forms such as the empirical valence bond model is easy.

In application of this method to the ionic fragmentation
reaction oft-BuCl, the solute-solvent potential functions could
be determined as a function of the-Cl distance over the whole
range of the dissociation. For a long-Cl distance, the ionic
state oft-BuCl is not the ground state in the gas phase, and the

e potential functions which are suitable for the simulation of the

heterolysis oft-BuCl cannot be determined by the usual
calculations. The present method provides EPPF which are
applicable to the simulation for the solute molecule which is
highly polarizable in solution. The calculated energy profile for
the reaction of-BuCl elucidated experimental facts qualitatively.
Computation time for the determination of the EPPF required
is very short, because the ab initio GB method adopts a simple
model which consists of one solute and one solvent molecule.
Thus, the method is very useful for determining the pair potential

when a long-range interaction is considered between the solutefunctions which are employed in solution chemistry.

and solvent molecules.

In the present study, it was confirmed that if the TIP4P and
WK models were used as the water model in the simulation,
the MP2 corrected energiesRi—c; = 9.0 A were ca. 2 and 71

kcal/mol relative to the reactant, respectively. These results are

caused by the overestimation (TIP4P) or underestimation (WK)
of the solvation energies of the ions, of which the absolute
charges, 1.098 for TIP4P and 0.921 for WK, deviate largely
from the unit value.

In the QM/MM simulation reported by Hartsough and Métz,
the dynamic solvent effect on the electronic structure of the

solute molecule was considered. The main term of the solvent

effect on the electronic structure of the solute molecule was
the polarization term, which was induced by the molecular
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