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Abstract

The bimolecular nucleophilic substitution reactionH2O 1 CH3OH2
13 1H2OCH3 1 OH2 has been studied using various

quantum chemical methods. Accurate barriers for the reaction in the gas phase are presented and discussed. The effect of
microsolvation by water molecules in small clusters has been investigated. Extrapolation of the barrier obtained in the small
clusters, using a linear relationship between the activation energy and the proton affinity of water clusters, gives a barrier for
the reaction in aqueous solution which is in good agreement with that obtained in separate model calculations (polarized
continuum model of a super molecule with the first solvation shell included). (Int J Mass Spectrom 182/183 (1999) 13–22)
© 1999 Elsevier Science B.V.
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1. Introduction

The chemical and physical properties of a mole-
cule depend intimately on its surroundings. The rates
and dynamical features of a chemical reaction are
consequently strongly affected by the environment.
An exothermic or thermoneutral ion-molecule reac-
tion in the gas phase, if not hindered by energetic or
entropic barriers for the chemical transformation,
takes place with a rate constant close to the collision
rate [1–3], which typically is of the order ofkcoll '
1029 cm3 mol21 s21. The high efficiency of ion-
molecule capture is because of the long range ion/
induced-dipole interaction potential, which in vacuo

has anr24 dependence with respect to the separation,
r , between the ion and the neutral molecule. Upon
immersion into a solvent the behaviour of the reaction
system changes dramatically. Unless the neutral reac-
tant is the solvent, the long-range interaction potential
is effectively screened by the bulk solvent. In conse-
quence, the reactants tumble around among the sol-
vent molecules for an extended period of time before
they approach each other, thereby often making the
process of molecular diffusion the rate determining
step. Another noticeable difference is that in solution
the surroundings provide a continuous heat bath for
the reaction all the way from reactants to products,
while the energy of a reacting system in the gas phase
is conserved from the moment the reactants start to
approach each other. In addition, the molecular prop-
erties of the reactants, intermediates and transition
states are affected differently by the solvent [4,5].

Dedicated to the memory of Ben S. Freiser (1951–1997), a good
friend and a gifted scientist.
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This means that the barrier height for the actual
chemical transformation depends on the nature of the
medium.

Molecular clusters, [M] Sn, consisting of a variable
number (n) of solvent molecules, S, plus the molecule
of interest, M, provide the connection between the
isolated gas phase molecule M(g) and that in the bulk
liquid, M(solvent). It is of fundamental importance to
study how the properties of clusters of this type
change with the number of solvent molecules. For this
purpose it is interesting to see if the chemical prop-
erties change gradually with cluster size, and if it is
possible to extrapolate the behaviour in the solvent
from that in small clusters.

We have recently studied reactions between water
and different protonated alcohols in the gas phase by
Fourier transform ion cyclotron resonance (FTICR)
mass spectrometry [6]. Using isotopically labelled
water we were able to determine the rate constant for
the reaction:

H2
18O 1 CH3

16OH2
13 1H2

18OCH3 1 16OH2
(1)

to bek1 5 2.2 3 10213 cm3 mol21 s21. Application
of ion-molecule collision theory shows that approxi-
mately only 1 out of 10 000 collisions results in
reaction, implying a substantial barrier or bottleneck
for the reaction. This was confirmed by an accompa-
nying MP2/6-31G(d) quantum chemical model,
which shows that a symmetrical transition structure of
the type [H2O . . . CH3

. . . OH2]
1 must be passed in

order to complete the reaction. It turns out that the
reaction has all the characteristics of a prototype SN2
reaction. We employed microcanonical variational
transition state theory (m-VTST) to model the reaction
kinetics. Necessary vibrational frequencies and rota-
tional moments were taken from the quantum chem-
ical calculation, and the rate constant was obtained
as a function of the energy differenceDE 5 Ea 2

E0 (Fig. 1). A value ofDE 5 213 kJ mol21 was
obtained from the experimental rate constant. This
means that the potential energy of the transition
structure (including zero point vibration) is below
that of the separated reactants. If the assumptions
inherent in ourm-VTST calculations are correct,

Fig. 1. Schematic potential energy diagram which defines some of the most important structural and energetical parameters used in the text.
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this numerical estimate is accurate within a few kJ
mol21.

In this article we will focus on some topics not
covered in the previous article, to which it therefore
represents an important extension. These topics are:
(1) By subjecting the system to “benchmark” ab initio
quantum chemical calculations we may be able to test
the validity of the assumptions underlying our previ-
ous variational transition state calculation. Further-
more, we will examine the accuracy of more econom-
ical quantum chemical procedures, by comparing
them with the results of the “benchmark” calculations.
(2) Gradual addition of water molecules to the reac-
tion system leads to a situation which eventually
becomes the fully solvated case. We want to investi-
gate how the barrier height changes in successively
larger clusters, also using quantum chemical methods.
In the limit the solvent may either be represented by
an infinite number of water molecules, or by a
structureless dielectric medium. By applying a so-
called self consistent reaction field method on a
medium sized cluster we attempt to give a realistic
model of the solvent state.

2. Methods

Quantum chemical calculations were carried out
using the program systemGAUSSIAN94 [7]. Atomic
basis sets were taken from this package as described
in the following using standard nomenclature, e.g.
6-31G(d). Different quantum chemical methods were
used, ranging from Hartree–Fock (HF) [8] and a
hybrid density functional theory method according to
Becke (B3LYP) [9], up to coupled cluster theory [10]
at a very high level, CCSD(T). The abbreviation MP2
stands for Møller-Plesset perturbation theory [11] to
second order, and QCISD [12] is quadratic configu-
ration interaction taking single and double excitations
into account. Unless otherwise noted, the MP2 calcu-
lations were done by omitting the core electrons from
correlation (frozen core, FC). All relevant critical
points (reactants, transition structures, intermediates
and products) of the potential energy surface were
characterized by complete optimization of the molec-

ular geometries for HF/6-31G(d), B3LYP/6-31G(d),
MP2/6-31G(d), MP2/6-31G(d,p) and QCISD/6-
31G(d,p). Geometry optimization for the clusters was
conducted with MP2/6-31G(d) only.

The respective single point energies were com-
puted at these geometries as indicated. Harmonic
frequencies were obtained by diagonalizing the mass-
weighed Cartesian force constant matrix, calculated
from the analytical second derivatives of the total
energy (the Hessian). Harmonic frequencies obtained
in this manner were used to calculate the zero point
vibrational energies (zpve) as described below. All
total energies reported include the zero point vibra-
tional energies scaled by the factors of 0.9135 (HF/
6-31G(d)), 0.9670 (MP2/6-31G(d)) and 0.9806
(B3LYP/6-31G(d)) [13]. For the G2 method [14] the
built-in scale factor was used.

The self-consistent reaction field method used here
(polarized continuum model, PCM) treats the sur-
roundings as a polarizable continuum. The PCM
method was originally developed by Miertus,
Scrocco, Tomasi [15] and Miertus, Tomasi [16] and is
included inGAUSSIAN94. It represents an extension of
the Onsager model, and the molecule is placed in a
cavity in the continuum. The cavity is constructed by
overlapping spheres (each described by 98 data
points) centered on the atoms of the molecule. The
built-in radii (H: 1.2 Å, C: 1.5 Å, O: 1.4 Å) were used.
A dielectric constant,« 5 78.5, for the surrounding
medium was adopted.

3. Results and discussion

3.1. Gas phase

Association between water (1) and protonated
methanol (2) leads to the complex H2O . . . CH3OH2

1

(3). This complex is the direct precursor for the
transition structure,ts(33 3*), for the actual chemi-
cal transformation. A minimum energy reaction path
connectsts(33 3*) and the complex3 on one side,
and its mirror image3* on the other. This is depicted
in Fig. 1. The global minimum of the potential energy
surface (PES) is the hydrogen bonded complex
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CH3OH2
1 . . . OH2. This complex is not included here,

but is described in detail in the previous article [6]. It
is approximately 70 kJ mol21 lower in potential
energy than3.

The intermolecular force in complex3 is mainly of
noncovalent nature (electrostatic and ion/induced-
dipole terms). Despite this we notice a slight pertur-
bation in the electron density of the CH3OH2

1 moiety
which is reflected in the fact thatr1 . r0 by more than
0.02 Å (Fig. 1 and Table 1). The interaction energy,
E0, is, depending on the quantum chemical procedure,
in the range 41.0–50.2 kJ mol21. The very accurate
CCSD(T) calculation provides the “benchmark”
which all the other calculations are measured against.
It turns out that the geometries are consistent through
the series, and that they are well reproduced even with
the simple HF and B3LYP schemes. The variation in
the interaction energy,E0, shows, not unexpectedly,
that both the level of electron correlation and the basis
set are crucial factors in obtaining accurate energy
parameters for weakly bonded species. The relatively
economical, but accurate G2 method performs quite
well in this respect.

The calculated geometries of the transition struc-
tures show some more variation, but they are still
surprisingly consistent. The difference between the
largest (HF/6-31G(d)) and the smallest (MP2/6-
31G(d))r# value is only 0.05 Å. The curvature along
the reaction coordinate, expressed by the correspond-
ing imaginary frequency of vibration,v#, is clearly
more method dependent. The transition structure,ts(3
3 3*), is of C2 symmetry, with a symmetrical
arrangement of a methyl between two water mole-
cules. The reaction coordinate corresponds to an
antisymmetric normal mode of vibration in which the
displacements of the two water molecules are oppo-
site to that of the methyl. Motion along the reaction
coordinate from thets(33 3*) to the structures3 and
3*, respectively, corresponds to a Jahn-Teller distor-
tion from an unstable symmetric species.

The calculated potential energy barrier height,Ea,
and thereby the energy differenceDE, are seen to
vary quite strongly with the quality of the wave
function/density functional. In fact, the “benchmark”
CCSD(T) calculation predicts the barrier to be almost T
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twice that for B3LYP. Comparison between the HF
and MP2 calculations shows that neglect of electron
correlation results in a quite significant underestimate
of the barrier height. This stems from the tighter
spatial requirements for the two C–O bond electrons
in the complex, than for the corresponding two
electrons of the prolate symmetrical HOMO (it
stretches out from the O. . . C . . . O axis) of the
transition structure. The complex is consequently
lowered more upon inclusion of electron correlation
than the transition structure. The basis set is also of
importance. This is demonstrated by comparing the
MP2/6-3111G(2df,2pd) and the MP2/6 - 31G values.
With the large 6-3111G(2df,2pd) basis set the corre-
lation energy difference inEa is slightly overesti-
mated by MP2 compared to CCSD(T). The small
differences in the QCISD/6-31G(d,p) and MP2/6-
31G(d,p) geometries do not affect the outcome of the
CCSD(T) calculations noticeably. This gives us con-
fidence in the consistency of the geometries and
thereby the accuracy of our “benchmark.”

In the Introduction, we referred to our estimate of
the energy difference of,DE 5 213 kJ mol21,
which is based on our measured rate constant. Appar-
ently, the HF/6-31G(d) value gives the best fit. The
“benchmark” quantum chemical value differs by 18
kJ mol21. We must, however, take into account that
the estimate was made indirectly usingm-VTST, and
may therefore be the victim of inherent methodolog-
ical problems. Several assumptions were made for the
m-VTST calculations. It was assumed that there is no
hindrance of free passage between the two structures
H2O . . . CH3OH2

1 (3) and CH3OH2
1 . . . OH2. The

latter structure, being the lowest in potential energy,
was therefore taken as the only intermediate, and the
reaction scheme:

H2O 1 CH3OH2
1^CH3OH2

1 · · · OH23 products
(2)

was employed. It was also assumed that the reaction
coordinate describing the kinetics of the association/
dissociation equilibrium of the first step of this
scheme is properly described by the H. . . O distance.
The statistical hypothesis of RRKM theory [3] is an
integral part of ourm-VTST treatment. For the present

reaction this may be wrong, because trajectory calcu-
lations of Hase and co-workers [17] have shown that
nonstatistical behaviour because of mode specific
behaviour and recrossing of the chemical barrier is
found for closely related reactions, exemplified by:

Cl2 1 CH3Cl3 ClCH3 1 Cl2 (3)

The only reasonable conclusion to be drawn by these
considerations is that a more detailed kinetic treat-
ment is needed in order to compare the probably very
accurate CCSD(T) model with the experimental rate
constant.

3.2. Clusters

In order to model the effect of the water solvent,
calculations were performed for reaction 1 in the
presence of an increasing number of water molecules,
according to the general reaction scheme:

(H2O)n21[H2O · · · CH3OH2
1](H2O)m21

3 (H2O)n21[
1H2OCH3 · · · OH2](H2O)m21 (4)

In the following discussion the symbol (n,m) desig-
nates a cluster with a given number,n 1 m, of
waters. For example, the symbol (1,1) corresponds to
the gas phase (no extra waters). The results are given
in Table 2 and Figs. 2 and 3.

From these data we discover that the activation
energies increase smoothly along the series (1,1),
(2,2), (3,3). This is in accord with our expectations,
because the dipole moment of the transition structure,
H2O . . . CH3

1 . . . OH2 (ts(33 3*)), of reaction 1 is
practically zero, and that of the reactant,
H2O . . . CH3OH2

1 (3), is quite significant. In a polar
medium this leads to better “solvation” of the reactant
than the transition structure. Although we cannot be
absolutely sure that the smooth transformation of the
Ea values with the number of water molecules persist
continuously up ton 5 `, it seems very likely from
the trend discovered for the small clusters.

This assumption is further confirmed because the
results for the “unsymmetrical” cluster systems (1,2)
and (2,3) fit nicely in between those of the symmet-
rical (1,1) and (2,2), and (2,2) and (3,3). This is
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demonstrated by application of the Marcus theory
[18] expression for the activation energy,Ea:

Ea~n,m! 5 Ea
0~n,m!$1 1 @~E~n,m! 2 E~m,n!#

3 @/4Ea
0~n,m!#%2 (5)

where Ea
0(n,m) 5 [Ea

0(n,n) 1 Ea
0(m,m)]/ 2, and

E(n,m) andE(m,n) is the energy of the reactant and
the product, respectively, of Eq. (3). Note that the way
Eq. (5) is applied here implies that the reactions
formally are written as already indicated (43 5 and
7 3 8). From the data of Table 2 we find that
Ea(1,2) 5 90.7 kJ mol21 and Ea(2,3) 5 92.5 kJ
mol21. From Eq. (5) we getEa(1,2) 5 91.5 kJ
mol21 and Ea(2,3) 5 93.5 kJ mol21, which are in
good agreement.

Marcus theory also applies to the geometry of the
transition structures. The progress variable (the posi-
tion of the TS;a 5 0 for reactant,a 5 1 for product)
is given by:

a~n,m! 5 0.51 @E~n,m! 2 E~m,n!#@/8Ea
0~n,m!# (6)

For a symmetrical reaction,a 5 0.5, so for conve-
nience we introduce a variabled 5 a 2 0.5 to de-
scribe the displacement from symmetry for unsym-
metrical reactions. In analogy with Fig. 1 we now
define a geometrical variables 5 (r#1 2 r#2)/
(r#1 1 r#2). It turns out that the actual position of the
transition structures (ts(4 3 5) and ts(7 3 8)) are
predicted using Eq. (6) to be within a few percent of
the actual values, in thatd(1,2)/d(2,3) 5 s(1,2)/
s(2,3) 5 1.36.

3.3. Solution

Two conceptually different approaches may be
used to model solvent effects in ab initio calculations:
(1) In the super-molecule approach a cluster model of
the reaction system is investigated, as in the previous
section. Provided that the cluster is sufficiently large
the results can give realistic results. The main prob-
lem is that convergence in the solution energy with
size is slow. (2) In the self consistent reaction field
approach the reacting unit is embedded in a dielectric

Table 2
Results of the quantum chemical calculations (MP2/6-31G(d)) for the substitution reactions in water clusters

Molecule Structure
Energya

Hartrees
v# b

i z cm21
Erel

c

kJ mol21
Esolv

d

kJ mol21

H2O 1 276.176 10 . . . . . . . . .
CH3OH2

1 2 2115.582 54 . . . . . . . . .
H2O z z z CH3OH2

1, complex (1,1) 3 2191.777 75 . . . 0 50.2
[H2O z z z CH3 z z z OH2]

1, ts (1,1) ts(33 3*) 2191.761 52 499 42.6 7.6
(H2O)[H2O z z z CH3OH2

1], complex (2,1) 4 2267.971 78 . . . 69.5 97.3
[H2O z z z CH3OH2

1](H2O), complex (1,2) 5 2267.998 24 . . . 0 166.8
(H2O)[H2O z z z CH3

1 z z z OH2], ts (2,1)/(1,2) ts(43 5) 2267.963 71 487 90.7 76.1
(H2O)[H2O z z z CH3OH2

1](H2O), complex (2,2) 6 2344.190 22 . . . 0 208.5
(H2O)[H2O z z z CH3

1 z z z OH2](H2O), ts (2,2) ts(63 6*) 2344.167 74 532 59.0 149.5
(H2O)2[H2O z z z CH3OH2

1](H2O), complex (3,2) 7 2420.379 42 . . . 55.6 242.9
(H2O)[H2O z z z CH3OH2

1](H2O)2, complex (2,3) 8 2420.400 57 . . . 0 298.5
(H2O)2[H2O z z z CH3

1 z z z OH2](H2O), ts (3,2)/(2,3) ts(73 8) 2420.365 35 519 92.5 206.0
(H2O)2[H2O z z z CH3OH2

1](H2O)2, complex (3,3) 9 2496.588 20 . . . 0 328.8
(H2O)2[H2O z z z CH3

1 z z z OH2](H2O)2, ts (3,3) ts(93 9*) 2496.562 97 535 66.2 262.7
(H2O)2[H2O z z z CH3OH2

1](H2O)2, complex (in«)e 9s 2496.692 76 . . . 0 (603.5)
(H2O)2[H2O z z z CH3

1 z z z OH2](H2O)2, ts (in «)e ts(93 9*)s 2496.657 15 . . . 93.5 (510.1)

a Including scaled zpve.
b Imaginary frequency of vibration, corresponding to displacement in the direction of the reaction coordinate.
c For each cluster, (n,m), this is the energy relative to the structure of lowest energy.
d Energy relative to that of CH3OH2

1 1 (n 1 m 2 1)H2O.
e PCM calculation (see Secs. 2 and 3.3 for details) performed with the geometry of structure9 and ts(93 9*), respectively.
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continuum, and the interaction between the solvent
molecules and the reacting unit is treated using
perturbation theory. The limitation of this approach is
linked to the strong dependence between the calcu-
lated solution energy and the size of the cavity chosen
for the reacting molecular system. In an attempt to
overcome these problems we have combined the two
methods.

Because the interactions between the reacting unit,
[H2O, CH3, OH2

1], and the water molecules of the first

solvation shell are the most important we constructed
a super molecule with four extra water molecules,
corresponding to the (3,3) cluster. The molecular
geometries of the reactant, (H2O)2[H2O . . .

CH3OH2
1](H2O)2 (9), and the transition structure,

(H2O)2[H2O . . . CH3
1 . . . OH2](H2O)2 (ts(9 3 9*)),

were taken directly from the MP2/6-31G(d) calcula-
tion. These structures were then subject to single point
PCM-MP2/6-31G(d) calculations as explained in Sec.
2. The results are given at the bottom of Table 2, and

Fig. 2. Geometrical structures of stable reactant and product cluster structures calculated with MP2/6-31G(d). Bond distances are giveni units
of Å.
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an activation energy ofEa 5 93.5 kJ mol21 was
obtained. A few test calculations were also conducted
to monitor the dependence of the cavity size. In these
tests the atomic radii were varied by60.1 Å relative
to their standard values, and the largest deviation was
found for hydrogen for which the values were found
to vary by610%.

Previous experience has shown us that the mo-
lecular parameters which determine the height of
energy barriers for chemical reactions may be
analyzed by appropriate deconstruction of the reac-
tant and the transition structure into the molecular
entities they consist of. For this purpose we deter-

mined the energetics of the following hypothetical
reactions:

(H2O)n21[H2O · · · CH3OH2
1](H2O)m21

3 CH3
1 1 (H2O)n 1 (H2O)m (7)

(H2O)n21[H2O · · · CH3
1 · · · OH2](H2O)m21

3 CH3
1 1 (H2O)n 1 (H2O)m (8)

The accompanying dissociation energies,E(RE) and
E(TS), respectively, are defined in accordance with
these equation. Forn,m 5 1, 2 and 3 the species
H2O, (H2O)2 and (H2O)3 on the right hand sides of

Fig. 3. Geometrical structures of stable transition structures for reactions in the clusters (MP2/6-31G(d)). Bond distances are giveni units of
Å.
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these equations are the monomer, the dimer and the
trimer of water. One slight problem arises because the
trimer of water constitutes a cyclic structure with
three hydrogen bonds, while there are only two
hydrogen bonds within the corresponding moieties
in (H2O)n21[H 2O . . . CH3OH2

1 ] (H 2O)m21,
(H2O)n21[H2O . . . CH3

. . . OH2
1](H2O)m21 and

(H2O)3H
1. To solve this problem we have added

21.3 kJ mol21 (equivalent to one hydrogen bond) to
the energy of (H2O)3.

It is well known that the methyl cation affinity of a
compound is linearly related to its proton affinity
(PA), the ionization energy and related quantities
(within a given class of compounds) [19]. In Fig. 4 we
have plotted the relationship between the dissociation
energies,E(RE) andE(TS), for the (1,1), (2,2) and
(3,3) clusters, and the MP2/6-31g(d) proton affinities
[6] of the water monomer (704 kJ mol21), dimer (839
kJ mol21) and trimer (888 kJ mol21), respectively.
For both E(RE) and E(TS) we find perfect (r 5
0.999) linear relationships. This finding is very en-
couraging, in the sense that the term nucleophilicity in
this case can be given a quantitative measure.

In the introduction we raised the question of how
well cluster models represent an unbroken line from
gas phase to solution phase. In this context the answer

is given by further consideration of Fig. 4. The
activation energy for a given cluster is given byEa 5
E(RE) 2 E(TS). The difference between the upper
and the lower line of Fig. 4 is (in kJ mol21)

Ea 5 241.91 0.120 PA (9)

Using this relationship we find that it is possible to
extrapolate the linear trend in the activation energies
of the small clusters to solution. The proton affinity of
bulk water is 1130 kJ mol21 [20], and substitution of
this value into Eq. (9) givesEa 5 93.5 kJ mol21.
This is in quantitative agreement with the PCM value,
and should therefore be a reliable justification of our
extrapolation method. To which extent this value is
accurate depends of course on the merits of MP2/6-
31G(d) compared to the unknown experimental value
and the results of more accurate quantum chemical
methods. This will be the subjects of future studies.
The apparent linear relationship found between the
activation energy and the proton affinity (nucleophi-
licity) may well be of global validity and will cer-
tainly be investigated in greater detail.
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