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Solvation of the Menshutkin Reaction: A Rigorous Test of the Effective Fragment Method
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The recently developed effective fragment potential (EFP) method is used to study the effect of two, four,
six, and eight solvating water molecules on the Menshutkin reaction between ammonia and methyl bromide.
The EFP method reproduces ab initio geometries and energetics (including zero-point energy, thermal,
and entropy effects) for the two-water case very accurately. Energetics fraimiaitio single-point energies

at the EFP geometries for the four, six, and eight water cases are in excellent agreement with corresponding
EFP energetics. In the gas phase, the above Menshutkin reaction is kinetically highly unfavorable with a free
energy of activation (at 298.15 K) of 40.6 kcal/mol at the RHF level with a dogljesis set augmented

with polarization and diffuse functions. An ion-pair product is found, in agreement with previous work, in
which the bromide anion is hydrogen-bonded to an ammonium hydrogen, giving a free energy of reaction of
2.8 kcal/mol. The addition of solvating water molecules has the effect of lowering the barrier and lowering
the energy of the ion-pair product relative to the molecule-pair reactant. For eight solvating EFP water
molecules, the free energy of activation is 22.8 kcal/mol and the free energy of reacti@i.i kcal/mol.
Timings indicate that the EFP method allows the inexpensive addition of water molecules to a chemical

system, accurately modeling alb initio calculations with low computational cost.

I. Introduction method accurately reproduces RHF structures and relative
energetics for small water clustérk.has previously been shown

Modeling of solvation effects is one of the great challenges S .
in computational chemistry. Continuum-based methoale that the EFP method can _reproduceaﬂjlmlth RHF relatlvg .
energies and geometries in a study on the internal rotation in

widely used and are becoming increasingly sophisticated. Some X ! ;
of these methods now employ variable cavity shapes produceddround state formamide with up to five watéfsit has also

by a union of spheres centered on each atom of the solute andPuccessfully reproduced the results of ali initio MCSCF
account for effects such as cavitation energy, dispersion, andcalcula;tllons on excited state formamide with two water mol-
repulsion? The continuum approach has proved to be very eculest! Day anq Paqhter have reported results of a study on
important. Even the simplest single-sphere self-consistent reac-2qUeous glutamic acid, using the EFP method to model the
tion field method has provided useful information concerning €ffects of up to 10 water moleculé3in this paper, we further
solvent effects on suitable systefrhe more sophisticated (€St the EFP method by its application to the Menshutkin

methods are able to handle a wide range of molecules angreaction’? This reaction,. in which negtral reactants lead to
reactionst However, continuum methods are unable to identify separated ion products, is the most stringent test of the method
the role of individual solvent molecules in the solvation process, to date. . . .

thereby precluding detailed analysis of the mechanism of In 1890 Menshutklln studied the reaction between the alkyl
solvation in the systems under study. amines and alkyl halides (R1).

Another approach to the solvation problem has been to
characterize thab initio gas phase potential energy surface and
then introduce discretab initio waters one at a time forming
a supermolecule. While this approach has yielded fundamentalHe found that the reaction rate increases dramatically when the
information on the solvation procdsst quickly becomes polarity of the solvent is increasééThis increase in reaction
pr0h|b|t|ve|y expensive if more than a handful of solvent rate with solvent polarity is attributed to the stabilization of the
molecules are included. The importance of the discrete solventreaction path to ion separation, by the solvent. The reaction (R2)
molecule approach is reflected in the development and increas-between ammonia and alkyl halide
ing popularity of hybrid QM/MM methods which treat the solute
with ab initio or semiempirical techniques and the solvent NH; + RX— RNH3+ X (R2)
molecules with cheaper molecular mechanics force fields.

The effective fragment potential (EFP) methdteveloped is an example of a Menshutkin reaction and is an intermediate
in this laboratory, accounts for solvent effects on chemical step in the formation of primary aminésInvestigating the
reactions by treating solute molecules fulp initio and effect of solvation on the Menshutkin reaction is important in
introducing discrete solvent molecules through potentials addedterms of understanding the fundamental process of solvation
as one-electron terms directly into thé initio Hamiltonian. of ion formation. Consequently, there have been a number of
In the current implementation for aqueous solution the potentials theoretical investigations of the solvent effect on this reaction.
are derived directly from separadb initio calculations on water Solaet al. have studied the reaction between ammonia and
and water dimer. It has recently been demonstrated that the EFRmethyl bromide, reporting relative energies calculated at the

R;N + RX —R,N" X~ (R1)
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RHF/3-21G level of theory (no zero-point energy (ZPE) or NH, + CH.Br — CH,NH," Br~ (R3)
temperature effectdy.In the gas phase the reactants were found
to form a so-called “ion-pair reactant” which lies in a shallow
well (—2.8 kcal/mol relative to separated reactants). Subse-
quently, we will refer to this reactant complex as a “molecule-
pair reactant”. The transition state is found to be high in energy
(23.3 kcal/mol relative to separated reactants), leading to an
“ion-pair product” which lies in a shallow well (20.7 kcal/mol
relative to separated reactants), and finally highly unstable
separated products are predicted (103.8 kcal/mol relative to
separated reactants). These authors introduced discrete solvenj
molecule effects by addition of twab initio waters, and in
separate calculations they modeled the bulk effects of water, The gas phase potential energy surface of the reaction between
methanoL and hexane using a continuum methblde addition ammonia and methyl bromide was explored using restricted
of two discrete waters, one associated with the;kbup and Hartree-Fock (RHF) and second-order perturbation theory
the other with the Br, resulted in an earlier and lower energy (MP2)* geometry optimization methods. For solvated systems,
transition state (10.8 kcal/mol relative to separated reactants),0only RHF calculations were carried out. Characterization of all
and stabilized the ion-pair product0.2 kcal/mol relative to  Stationary points was achieved by calculating and diagonalizing
separated reactants) and the separated ions (59.2 kcal/mothe energy second derivative matrix (Hessian). A positive
relative to separated reactants), with the overall process remain-definite Hessian (no negative eigenvalues) indicates a minimum
ing endothermic. The continuum model gives a barrier of 8.3 On the potential energy surface; one negative eigenvalue
kcal/mol for the hydrated reaction and predicts the separatedindicates a transition state.

products to be stable with respect to reactants by 44.0 kcal/ For hydrogen, carbon, nitrogen, and oxygen, the dogble-
mol. With hexane as the solvent, formation of a molecule-pair Pasis set of Dunning and H&ywas used; for bromine the

reactant and ion-pair product is predictee2(2 kcal/mol and ~ doubleg basis of Binning and Curtiss was employ&dP
—5.7 kcal/mol, respectively, relative to separated reactants), polarization functions were added to hydrogens, and d polariza-

along with a high-energy transition state (14.5 kcal/mol) and tion functions were added to all heavy atoms. A diffuse sp shell

endothermic final product ions (23.6 kcal/mol), illustrating the Was also {;‘fded to bromine. Exponents used are the defaults in
effect of solvent polarity. GAMESS?4 Collectively this basis set is referred to as DZVP.

Gao and Xia used a QM/MM approach in statistical mechan- Water molecules were addpd o the system through use of
ical Monte Carlo simulations to study the ammoniaethvl the effective fragment potential (EFP) meth@dThe method
thoride Menshutkirl1 rgacltion in aquuegus soluttéithe solu);e 's described in detail in a previous pafeind a summary is
. . ) L iven in an application to the solvated internal rotation of
is modeled using the semiempirical AM1 method and the 256 g bp

. formamidel® Also summarized in the latter paper are the
solvent water mole.cult.as by the TIP3P poterﬂt’(a]rhe predicted geometry search procedure, and the intrinsic reaction coordinate
free energy of activation at 298.15 K is 26430.3 kcal/mol

; ) ; 2" (IRC) procedur&® which follows the minimum energy path
which the authors compare with the experimental activation (\1epy from transition states to minima. Both techniques were
energy of 23.5 kcal/mol for the related iodide systérao et | tijized in this study. Numeric calculation of the Hessian was
al. contend that the large discrepancy between their predictedggried out through double displacements of the stationary point
barrier height and that of So&t al. suggests that the description geometries and analytic calculation of the energy gradients.
of discrete solutesolvent interactions is necessary in this For comparisonab initio waters were added in a supermol-
system, though basis set, ZPE, thermal, and entropy effects neeg e approach. For the two-water systenablinitio geometry
to be considered. For the reaction free energy Gao et al. predictyyiimizations and Hessians were done to test the accuracy of
—18 kcal/mol, indicating a thermodynamically favorable reac- he EFp geometries, relative energies, and calculated frequen-
tion in agueous solution. cies. For larger numbers of waters<8) all ab initio single-
Recently, Truong et al. have carried out a study of the free point energy calculations at EFP geometries were performed
energy profile of the ammoniamethyl chloride Menshutkin  to test relative energies.
reaction in aqueous solution using the continuum method Zero-point energy (ZPE) corrections and thermochemical
GCOSMO?* They predict a free energy of activation of 24.8 quantities were calculated using the harmonic mode, ideal gas,
kcal/mol and a reaction free energy 6f16.5 kcal/mol and so  and rigid rotator approximations. The Hessian matrix does not
are in good agreement with the QM/MM study of Gao et al. include internal vibrations of EFP waters. These vibrations are
Maran, Pakkanen, and Kareld8mave studied the reaction therefore omitted from ZPE and thermochemical contributions
between ammonia and the alkyl halideaethyl chloride,  to enthalpy and entropy (and consequently to free energy) in
methyl bromide, and methy! iodide, using the semiempirical Ccalculations with EFP waters.
method AM1 and describing solvent effects (water and hexane)
through a multicavity self-consistent reaction field method. Their !ll. Results and Discussion
calculated barrier (no temperature effects included) for the 3y Gas Phase Surfaceln order to establish a point of
chloride, bromide, and iodide agueous systems are 21, 25, andeference, we first explore and characterize the gas phase
37 keal/mol, respectively. More recently, the same authors have pgtential energy surface of the reaction between ammonia and
carried outab initio calculations to examine in detail just the  methyl bromide. Results of RHF/DZVP and MP2/DZVP
gas phase reactiod3. geometry searches are presented in Figures 1 and 2, and Table
In this paper, we report results of a study in which we apply 1. Energies discussed in this and other sections of the paper,
the EFP method to microsolvation of the reaction between unless otherwise stated, will b&Es, that is, relative energies
ammonia and methyl bromide. with no ZPE or temperature effects included. The minimum

Our main objective is to test the performance of the EFP method.
We examine the EFP method’s accuracy and relative expense
by comparison to alhb initio calculations and also explore the
effects of selected arrangements of®water molecules on
the reaction profile. In addition, we examine ZPE effects as
well as thermal and entropy effects at room temperature for the
zero, two, and eight water cases.

Computational Details
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Figure 1. RHF/DZVP and MP2/DZVP optimized stationary point
structures on the potential energy surface of the Menshutkin reaction
(R3) in the gas phase. Bond lengths are in angstroms. MP2 bond length
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at the RHF/DZVP level of theory leading from tk, ion-pair
product to aCs transition state (Figure 3 indicates that this is
little more than a shoulder on the PES) in which the Br has
moved in toward a hydrogen. This transition state leadsGg a
minimum, described above, which is lower in energy than
separated reactants by 6.5 kcal/mol at the RHF/DZVP level of
theory. The separated products lie 105.9 kcal/mol above this
minimum. Dynamic electron correlation effects on relative
energies are more pronounced in this region of the surface with
an increase in energy of3 kcal/mol for theCs, ion-pair
product-C; transition state barrier and a decrease in energy of
~5 kcal/mol for the Cs ion-pair product due to the MP2
correction.

However, RHF still provides a reasonable description of the
process. Mulliken populations (see Table 2) indicate that the
charge on the Br is lowered considerably on formation of the
second ion-pair product due to the formation of the strong Br---
H—N hydrogen bond.

The RHF and MP2 energetics calculated in this study (Table
1) and those from Maran, Karelson, and Pakkadheme in
reasonable agreement. They predict a first transition state at 30.8

<2and 30.3 kcal/mol relative to the molecule-pair reactant at RHF/

are in bold type and in parentheses. Arrows in transition states indicate 6-31G* and MP2/6-31G*, respectively. For the second ion-pair

displacements in the imaginary normal mode.

energy path, determined by the IRC procedirénking the
molecule-pair reactant with transition states and ion-pair
products is shown in Figure 3.

The first part of the surface, that is, the molecule-pair reactant,
transition state (1), and ion-pair product (1), is qualitatively the
same as that predicted by Sefaal1> However, Table 1 shows

product they predict-6.5 and—8.8 kcal/mol relative to the
molecule-pair reactant at RHF/6-31G* and MP2/6-31G*, re-
spectively. Our results for this particular Menshutkin reaction
(R3) confirm their conclusion that the gas phase reaction to form
the ion-pair product (2) (see Figure 2) is energetically favorable
(by 6.5 kcal/mol using RHF/DZVP) but there exists a very high
barrier (34.0 kcal/mol with RHF/DZVP) to overcome in order
for the reaction to proceed. If ZPE corrections are included, as

some quantitative discrepancies. The molecule-pair reactant towell as thermal and entropy effects at 298.15 K (Table 4) the

transition state barrier is found to bel0 kcal/mol higher than
that in the earlier study. The relative RHF/DZVP energy of the
transition state and ion-pair product agrees closely with the
earlier work (8.4 kcal/mol compared to 8.9 kcal/mol). Conse-
quently, the ion-pair product itself is predicted to&0 kcal/

free-energy of activation is 40.6 kcal/mol and the free-energy
of reaction forming the ion-pair product (2) is 2.8 kcal/mol, so
overall these effects clearly favor the reactant complex.

(b) Two Waters. Next, twoab initio waters were introduced.
No symmetry constraints were placed on the system during the

mol less stable (relative to separated reactants) than predictedyeometry optimizations. Figure 4 and Table 3 show the

by Solaet al. Tests done during the course of this study show

structures and relative energies of what were found to be lowest

that the small size of the underlying 3-21G basis set used by energy species on the potential energy surface. The structures
Solais the main source of these energy discrepancies. This iswere found by first identifying the lowest energy transition state

confirmed below via comparison with results from calculatf8ns

with two water molecules and then performing IRC calcula-

with basis sets more comparable in quality to those used in thetions'®25by stepping forward and backward from the transition

present study. Inclusion of polarization and diffuse functions is
found to make a considerable difference to predicted geometries
but the effect on relative energies is found to be small.
Dynamic electron correlation introduced through MP2 does
result in some contraction in bond lengths, but makes little
difference to the energetics. Therefore, RHF is considered
adequate for study of the solvated system. Mulliken populations

state along the imaginary mode leading to reactant and product

minima. Also shown in Figure 4 and Table 3 are the corre-

sponding structures and energetics from calculations with the
two ab initio waters replaced by two EFP waters. The EFP
method is found to do an excellent job of reproducing the all
ab initio results. All EFP bond lengths are within 0.06 A of
those predictedb initio and most agree much more closely

(see Table 2), while not meaningful in an absolute sense, dothan this upper bound. EFP relative energies are found to agree
show that the Br accumulates charge as the reaction proceed®ith the allab initio relative energies to within 0.3 kcal/mol.

through the first transition state. It has acquired a charge of
~—0.9 in the ion-pair product (1).
Normally, from the ion-pair product the potential energy

The EFP andab initio imaginary frequency at the transition
state are also in excellent agreement.

The effect of two water molecules is found to be dramatic

surface is assumed to proceed directly to the highly energetic(see Table 3). The barrier from molecule-pair reactant to

separated products: GNHz* + Br—; however, Maran et &P
recently discovered a second ion-pair product, at the RHF, CISD,
MP2, and MP3 levels, using a 6-31G* basis set, with the Br
directly interacting with an Nklhydrogen via a hydrogen bond.
This latter species is predicted to be lower in energy than

transition state is lowered by 11.8 kcal/mol to a value of 22.2

kcal/mol and the ion-pair product is now lower in energy than

the molecule-pair reactant by 19.2 kcal/mol. The transition state
geometry (see Figure 4) shows that it is occurring earlier in the
reaction, an effect also observed in previous stdfliesd

separated reactants. We also consider this species in which thé@redicted by the Hammond postulate.

bromide is weakly bound to an NHydrogen. Figure 2 and
Table 1 show that there is a very small barrier of 0.3 kcal/mol

Figure 5 shows the aldb initio and the two EFP water
minimum energy paths (MEPs). Both curves are relative to their
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Figure 2. RHF/DZVP and MP2/DZVP potential energy surfaces of the Menshutkin reaction (R3) in the gas pbasdgreo ZPE corrections).
Energies are in kcal/mol. Harmonic vibrational frequencies and displacements (see arrows) are shown for transition states. Diagram is not to scale.
MP2/DZVP values are in bold type.

TABLE 1: Calculated Energies (in kcal/mol) Relative to the TABLE 2: RHF/DZVP Mulliken Charges for Stationary
Molecule-Pair Reactant for the Menshutkin Reaction (R3) in Points on the Potential Energy Surface of the Menshutkin
the Gas Phase at 0 K Reaction (R3) in the Gas Phase
RHF/DZVP MP2/DZVP? Mulliken charges
AE  AH(OK) AE  AH(OK)P NH;3 CHs
separated reactants 1.8 1.2 2.7 2.0 N H C H Br
molecule-pair reactant 0.0 0.0 0.0 0.0 se _ _ _

o parated reactants —0.747 0.249 0.283 0.158 0.193
transition state (1) 34.0 36.2 33.0 35.0 ion-pair reactant ~ —0.758 0.255 ~ —0.251 0.158  —0.229
ion-pair product (1) 25.6 30.2 24.9 28.7 transition state (1) ~ —0.730 0.319  —0.169 0.225  —0.739
transition state (2) 25.9 30.5 28.2 321 ion-pair product (1) —0.524 0.352 ~ —0.272 0.219  —0.918
ion-pair product (2) ~ —4.7 —0.6 —7.3 —4.9 transition state (2) —0.512 0.357%2) —0.251 0.191%2) —0.928
separated ion products  101.2 105.3 106.6 110.8 0.348 0.248

a Geometry is optimized at this level of theoBCalculated relative ion-pair product (2) ~ —0.441 g?gf*z) —0.253 8'122*2) —0.780
energy.AE, plus ZPE correction. separated ion products0.478 0.375 —0.248 0.201 —1.000
40

show that two waters are sufficient to produce a low energy

F TS(1)

= [ (—19.2 kcal/mol relative to the molecule-pair reactants) ion-
S 30 [ : X i . i
E ; pair product complex directly. Inspection of the ion-pair product
§ structure (see Figure 4) reveals that the MEP from the transition
m 20 state leads directly to the arrangement seen in the gas phase
g [ (the migration mentioned above), with the bromide hydrogen-
£ 10} bonded to an ammonium hydrogen. The presence of the two
3 waters has removed the small barrier to this process found in
[~ . .

0 the gas phase. The low energy of the ion-pair product solvated

with two waters, then, is partly due to the same effect seen in
the gas phase and partly due to the hydrogen-bonding of the
waters to the charged bromide and ammonium hydrogen. Table
Figure 3. Minimum energy path for the gas phase Menshutkin reaction 4 shows that the Introductlor_l of ZPE, as well ‘?‘S thermal and
(R3). Energy points are in kcal/mol and are relative to the ion-pair ENtropy effects at 298.15 K increases the barrier by 6.6 kcal/
reactants. MR= molecule-pair reactant, TS(H first transition state, mol leading to a free energy of activation of 28.3 kcal/mol and
IP(1) = first ion-pair product, TS(2)= second transition state, IP(2)  increases the energy of the ion-pair product by 7.5 kcal/mol
= second ion-pair product: see Figure 2. making the free-energy of reactien10.2 kcal/mol. The EFP
respective molecule-pair reactant minimum. The EFP MEP does calculations reproduce these effects extremely well giving 27.7
not go to zero at its end point, indicating that it is in a shallow and—10.3 kcal/mol for the corresponding free energies. Again,
well just above the true minimum. The two MEPs map onto overall these effects favor the reactant complex.
each other very closely up through the transition state but (c) Four and Six Waters.Having shown that the EFP method
diverge by up to~5 kcal/mol on the part of the surface reproduces akb initio geometries to a high degree of accuracy,
representing the migration of the bromide anion. However, these geometry optimizations and IRC calculations with additional
MEPs nearly merge again at the ion-pair product structures. water molecules have been performed only with the EFP
The MEPs for the two water molecule case (see Figure 5) method.

-10.0 0.0 10.0 20.0 30.0
Reaction Coordinate (amu'”?bohr)
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Figure 4. RHF/DZVP all ab initio structures and Mulliken charges
for the Menshutkin reaction (R3) with two water molecules and the
corresponding structures and charges with two EFP waters. Bond

lengths are in angstroms. Parentheses indicate EFP method. Arrows in

transition states indicate displacements in the imaginary normal mode.

TABLE 3: Calculated Energies (kcal/mol) at 0 K, Relative
to the Lowest Energy Molecule-Pair Reactant in the
Menshutkin Reaction (R3) with 0, 2, 4, 6, and 8 Solvating
Water Moleculest

AE/kcal/mol
no. of waters EFP ab initio
0 M-P Reac. 0.0
T.S.(1) 34.0
I-P Prod.(2) -4.7
20 M-P Reac. 0.0 0.0
T.S. 22.5 22.2
I-P Prod. —19.4 —19.2
4e symmetric  M-P Reac. 3.9 (09) 3.5 (0.0¥
T.S. 176 (13.®  16.9 (13.4
I-P Prod. —30.7 (—34.6f —31.2 (—34.7}
nonsymmetric M-P Reac. 0.0 0.0
T.S. 18.0 17.5
I-P Prod. —26.2 —26.3
6° symmetric  M-P Reac. 0.9 (09) 0.0
T.S. 23.0(22.9 203
I-P Prod. —19.7 (-20.6} —22.1
nonsymmetric M-P Reac. 0.0 0.0
T.S. 16.0 15.6
I-P Prod. —29.1 —28.8
8 M-P Reac. 0.0 0.0
T.S. 20.9 19.9
I-P Prod. —30.9 —30.8

aZero-point energies and temperature effects are not incltidgath
EFP and all ab initio energies from fully optimized structureSFP
energies are from fully optimized structures; alfl initio energies are
from single point energies at EFP geometrieBnergies relative to
symmetric system molecule-pair reactant to aid comparison of barrier
heights and reaction energies.

As the number of water molecules increases, the number of
stationary points on the potential energy surface will increase
rapidly. One advantage of the Menshutkin reaction is that the
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Figure 5. Minimum energy paths (MEPs) for the Menshutkin reaction
(R3) with two water molecules. The bottom curve was calculated all
ab initio; the top curve was calculated with two EFP water molecules.

TABLE 4: AH(0 K), AH(298.15 K), andAG(298.15 K) of
Activation and Reaction (in kcal/mol) Calculated at the
RHF/DZVP Level for the Menshutkin Reaction (R3) with 0,
2, and 8 Solvating Water Molecules

2abinio  2EFP  8EFP
0 waters waters waters waters
DH(0 K)
M-P Reac. 0.0 0.0 0.0 0.0
T.S. 36.2 24.3 24.4 20.3
I-P Prod. —0.6 ~14.2 138  -253
DH(298.15 K)
M-P Reac. 0.0 0.0 0.0 0.0
T.S. 34.7 226 23.1 19.6
I-P Prod. —2.4 -16.1 -157  —271
DG(298.15 K)
M-P Reac. 0.0 0.0 0.0 0.0
T.S. 40.6 28.3 27.7 22.8
I-P Prod. 2.8 -10.2 -103  -21.9

aT.S.(1).21-P Prod.(2) (see Figures 2 and 3).

solute molecules must be essentially collinear in the transition
state. The approach is therefore the same as with two waters:
attempt to find the lowest energy transition state and follow
MEPs to determine reactants and products. It must be stressed,
however, that this approach does not ensure that global minima
are found.

The starting points for the four- and six-water systems were
obtained by addition of water molecules to the transition state
found previously for the two-water system. This was done in a
symmetric fashion, resulting in a transition state for the four-
water system which is essentiallg and a six-water transition
state which possesses a nedtlyaxis of rotation (see Figures
6 and 7).

The effect of the presence of four EFP waters is a reduction
of the molecule-pair reactantransition state barrier by 8.8 kcal/
mol compared to that in the two EFP water case (see Table 3).
The resulting barrier is only 13.7 kcal/mol. Figure 6 shows that
the four-water transition state occurs earlier than the two-water
transition state as expected. The exothermicity of the ion-pair
product is increased by 15.2 kcal/mol, compared to the two-
water case; with four waters it is exothermic by 34.6 kcal/mol
relative to the molecule-pair reactant. Again the waters enable
the barrierless migration of the Br to the ammonium group
where it is hydrogen-bonded to ammonium hydrogen and two
water hydrogens.

The six-water system based on the approxima@gliyansition
state does not follow the predicted trend based on the two- and
four-water results. The molecule-pair reactaimainsition state



1270 J. Phys. Chem. A, Vol. 103, No. 9, 1999 Webb and Gordon

Molecule-Pair Reactant

Ion-Pair Product

Figure 6. RHF/DZVP stationary point structures (symmetric system) Ton-Pair Produc

on the potential energy surface of the Menshutkin reaction (R3) with
four EFP water molecules. Bond lengths are in angstroms; only selectedFigure 7. RHF/DZVP stationary point structures (symmetric T.S. and
symmetry unique bond lengths are shown. Arrows in transition state product) on the potential energy surface of the Menshutkin reaction
indicate displacements in the imaginary normal mode. (R3) with six EFP water molecules. Bond lengths are in angstroms;
only selected symmetry unique bond lengths are shown. Arrows in

barrier has increased by 8.4 kcal/mol compared to the four- transition state indicate displacements in the imaginary normal mode.
water case, and the energy of the ion-pair product has increased) in an increase in the barrier to the transition state from the
by 14.0 kcal/mol. This can be explained using the structures in molecule-pair reactant, by 4.3 kcal/mol, to 18.0 kcal/mol and
Figure 7. The transition state appears earlier in the reaction thanan increase in the energy of the ion-pair product relative to the
in the two- and four-water cases, as one would expect. The largermolecule-pair reactant by 8.4 kcal/mol, t26.2 kcal/mol. In
barrier, then, must be explained by preferential stabilization, order to make a meaningful comparison, we must compare not
by the water molecules, of the molecule-pair reactant relative only the barrier heights and relative energies of molecule-pair
to the transition state. It appears that six waters allow more reactant and ion-pair product but also the relative energies of
flexibility in the molecule-pair reactant which no longer has a the symmetric and nonsymmetric cases. Figure 9 shows the two
collinear arrangement of NHand CHBr as it did in the two- MEPs for these four-water systems. Both curves are plotted
and four-water cases. Presumably, this added flexibility made relative to the energy of the molecule-pair reactant obtained
possible by the solvent is the reason for preferential stabilization from the nonsymmetric transition state (Figure 8). The plots
of the molecule-pair reactant over the transition state. For the show that the molecule-pair reactant obtained from the non-
ion-pair product the opposite is true; the symmetric arrangementsymmetric transition state is4 kcal/mol lower in energy than
of waters has constrained @NHs™ and Br to a collinear that obtained from the symmetric transition state, the transition
arrangement, no longer allowing tiarrierless migration of states themselves are nearly isoenergetic, and the ion-pair
Br to the ammonium hydrogen. The result is a product less product obtained from the symmetric transition state4skcal/
favorable energetically (see Table 3). It is probable that there mol lower in energy than that obtained from the nonsymmetric
exists a path corresponding to bromide migration to an am- transition state. The actual path for the four-water case, then,
monium hydrogen. However, a single transition state linking must crossover between the unsymmetrical and symmetrical
the “symmetric” product and a low-energy species with a paths shown in Figure 9.
bromide-ammonium hydrogen interaction could not be found.  The six-water nonsymmetric system (see Figure 10) has a
Instead, the transition state found which connects to the transition state with a ring, or crown, of five hydrogen-bonded
“symmetric” product ¢-1 kcal/mol higher in energy) leads only  waters, with two of the waters also hydrogen-bonded to bromine.
to a slight rearrangement in the solvent. This suggests the pathThe sixth water is outside the ring but is hydrogen-bonded to it
to bromide migration is complex with multiple transition states and also to one of the N-hydrogens. Table 3 shows that in
and intermediates. this nonsymmetric six-water system the barrier from molecule-
To determine if there are more energetically favorable pair reactant to transition state is 16.0 kcal/mol, a reduction of
arrangements of the water molecules in the transition states,6.1 kcal/mol compared to the symmetric system barrier. The
alternative nonsymmetric structures were explored. Figure 8 energy of ion-pair product is-29.1 kcal/mol relative to the
shows a nonsymmetric four water transition state geometry andmolecule-pair reactant, a decrease in energy of 8.5 kcal/mol
the molecule-pair reactant and ion-pair product found by relative to the symmetric system. The MEPs shown in Figure
following the MEPs from this transition state. This results (Table 11 are plotted relative to the molecule-pair reactant obtained
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Figure 8. RHF/DZVP nonsymmetric stationary point structures on Figure 10. RHF/DZVP nonsymmetric stationary point structures on
the potential energy surface of the Menshutkin reaction (R3) with four the potential energy surface of the Menshutkin reaction (R3) with six

EFP water molecules. Bond lengths are in angstroms. EFP water molecules. Bond lengths are in angstroms.
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Figure 9. Minimum energy paths (MEPs) for the Menshutkin reaction  Figure 11. Minimum energy paths (MEP's) for the Menshutkin
(R3) with four EFP water molecules. One MEP was obtained from a reaction (R3) with six EFP water molecules. One MEP was obtained
symmetric transition state as the starting point; the other was obtainedfrom a symmetric transition state as the starting point; the other was
from a nonsymmetric transition state as the starting point. Energy points optained from a nonsymmetric transition state as the starting point.
are relative to the lowest energy ion-pair reactant (obtained from Energy points are relative to the lowest energy ion-pair reactant
nonsymmetric transition state). (obtained from nonsymmetric transition state).

from the nonsymmetric transition state. The two molecule-pair  To assess the accuracy of the EFP method for these four-
reactants are almost isoenergetic (there is a difference of onlyand six-water cases alb initio RHF/DZVP single-point
0.9 kcal/mol). The nonsymmetric transition state, however, is energies were calculated at the EFP geometries. Again agree-
considerably lower in energy than its symmetric counterpart (by ment is found to be excellent (see Table 3). For the four-water
7.0 kcal/mol), and the corresponding ion-pair product is 9.4 kcal/ case, relative energies are found to agree to within 0.7 kcal/
mol lower in energy than the symmetric analog. The nonsym- mol and for the six-water case to within 2.7 kcal/mol.
metric surface is therefore clearly more favorable. (d) Eight Waters. The eight-water transition state was found
Returning to Table 3 and Figures 9 and 11, one may compareto have five waters in a crown arrangement like that seen in
the most favorable four- and six-water systems to see that thethe nonsymmetric six-water case, with the three remaining
four-water case is still slightly favored. This may mean that waters forming a chain along the underside of the collinear
the increase in stabilization is not monotonic with the number solute (see Figure 12). The molecule-pair reactamnsition
of water molecules, or that more arrangements of solvent state barrier is calculated to be 20.9 kcal/mol, and the ion-pair
molecules must be considered. It is certainly likely that as the product energy is-30.9 kcal/mol relative to the molecule-pair
number of solvent molecules is increased, the number of possiblereactant (see Table 3). The transition state occurs earlier than
structural arrangements also increases. that in the nonsymmetric six-water structure (see Figure 10);
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TABLE 5: All ab initio versus EFP Method Timings Taken from Calculations Carried out on an IBM RS6000/359

energy energyt gradient
no. of solvating  no. of basis CPU wall clock CPU wall clock A(wall clocky!
H.O’s function® ab EFP ab EFP ab EFP ab EFP ab EFP
0 HO 94 266 596 556 889
(1416) (1434) (1706) (1727)
2 H,O 144 1155 337 3141 817 2012 890 4006 1376 3117 487
(4493)  (1546) (4537)  (1561) (5348)  (2099) (5399) (2118) (3672) (391)
4 H,0 194 3334 366 9905 851 5182 1166 11768 1658 7762 282
(15927)  (1603) (16052)  (1619) (17765)  (2400) (17905) (2422) (12506) (304)
6 HO 244 416 964 1493 2054 396
(23008)  (1877) (23205)  (1895) (26460) (2954) (26684)  (2981) (8779)  (559)
8 H,O 294 430 942 1752 2275 221

(39577)  (1764) (39918) (1783) (44647) (3082) (45029) (3134) (18345) (153)

aBracketed times are for direct SCF; others are for conventional SCF. All times are given in sédemd&FP no. of basis functions always
94.¢Took 1 less SCF cycle than previous calculatictiEime difference resulting from each addition of two water molecules.
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Figure 13. Minimum energy path (MEP) for the Menshutkin reaction
(R3) with eight EFP water molecules. Energy points are relative to the
ion-pair reactant.

It is important to note that for the 4-, 6-, and 8-water cases
the number of stationary points on the potential energy surface
will be very large. Therefore, the energetics shown in Tables 3
and 4 cannot be viewed as definitive. It is only possible to ensure
that the most favorable geometric arrangements have been found
by a systematic sampling of the phase space. To accomplish
this would require methods such as molecular dynamics (MD),
Monte Carlo (MC), simulated annealing (SA), or genetic
algorithm (GA) approaches. These methods are presently being
interfaced with the EFP method, and results using them will be
reported in subsequent papers.

Figure 12. RHF/DZVP stationary point structures on the potential o
energy surface of the Menshutkin reaction (R3) with eight EFP water IV. Timings
molecules. Bond lengths are in angstroms.
g g The EFP method was developed to model solvent effects

however, the barrier height is4 kcal/mol greater than that for ~ accurately and cheaply. We have demonstrated above the
the six-water nonsymmetric system. Apparently, there is more accuracy of the method. In order to demonstrate how inexpen-
effective hydrogen bonding between the amine and waters in sive the EFP method is in comparison to correspondinglall
the reactant with eight solvating waters (compare the molecule- initio calculations, we present timings in Table 5.

pair reactants in Figure 12 and 10). The ion-pair product retains The EFP method scales linearly with the number of water
the ammonium hydrogerbromide interaction. Figure 13 shows molecules; times required for the alb initio calculations

the MEP for the eight-water system. Inclusion of ZPE, as well increase much more rapidly. For the eight-water case the time
as thermal and entropy effects at 298.15 K (Table 4) gives a required for an alkb initio energy+ gradient calculation is 14
free energy of activation of 22.8 kcal/mol and a free energy of times that required for the EFP method. Even more impressive
reaction of—21.9 kcal/mol, the reactant complex once again is the fact that the time taken for the al initio calculation of
being favored by these combined effects. The valuald{o the eight water system energy gradient is 26 times that

K) of activation (20.3 kcal/mol) (see Table 4) may be compared required for the zero water case, while the EFP time only
to the experimental activation energy for the iodide system in increases by a factor of 2.

aqueous solutidfi (23.5 kcal/mol). No experimental data could The last two columns in Table 5 show the increase in wall
be found for the bromide system. clock time required which results from each addition of two
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water molecules to the calculation (these times do not continu- techniques to add many more water molecules to investigate
ously increase down the columns, with the increase in the pulk effects on the Menshutkin and other reactions.

number of water molecules, as the number of SCF cycles is

not constant). Comparison of tteb initio and EFPA (wall

clock) times clearly demonstrates how inexpensive the addition ~Acknowledgment. This work was supported by a grant from

of water molecules in the EFP method is relati8ve toadl the National Science Foundation (CHE-9633480). The calcula-
initio calculations. tions reported here were performed on IBM RS 6000 worksta-

tions generously provided by lowa State University. The authors
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