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Molecular Simulation of the Hydration of Ethene to Ethanol Using Ab Initio Potentials and
Free Energy Curves
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Molecular dynamics simulations of aqueous solutions at infinite dilution of the reaction of water with ethene:
H,0O + CH,CH, — CH3;CH,OH were performed using Lennard-Jones 12-6-1 potentials to describe the-solute
solvent interactions, and TIP3P to describe the wateter interactions. The Morokuma decomposition scheme

of ab initio interaction energies at the SCF level and the dispersion component at the MP2 level were used
to reproduce the molecular parameters of the selui@ter interaction potentials. The results show that the
functions that use the EX-PL-DIS-ES interaction model to describe the solvation of the reactant, transition
state, and product systems lead to good values of the readti®ngnd acceptable values of the activation
(AG") free energy as compared with those from using AMBER-derived parameters, using the available
theoretical and experimental data as referents.

1. Introduction interaction energies of the molecules that participate in the
reaction, the molecular hydration, the exothermic character, and
the energy barrier for this reactive process; (b) to confirm that
our model potential and that the free energy curves obtained
from solvent fluctuation are also applicable to chemical reactions

The study of chemical reactions in solution continues and is
still one of the topics of most interest in quantum chemiktey.
In view of the great number of interactions that take place, a

guantum mechanical treatment of the whole system (consideringin solution where one solvent molecule gets attached to #he C

the solgte and all the solvgnt molecules) is cpmputatlonally C double bond in a non-assisted concerted mechanism; and (c)
expensive, and recourse is made to approximate methods L ) .
. . to make some modifications to the procedure previously applied
Although there exist other procedures with an acceptable . . -
| . in the construction of the free energy curééslo this end,
response to study the solvation of chemical systems (such as . . .
those which incoroorate the effect of the solvent as a dieldétric. Ener9ies related to reaction processes such as the free energies
. P . - _of reaction and activation are calculated and compared with
or those which employ a mixed quantum/molecular mechanics

: those obtained from calculations with the PCM mdéleind
computat_lonal model, the QM/MM methdds we shaI_I use AMBER force field?° The PCM model uses an ab intio energy
the classical method of molecular mechatiessing ab initio

. . . - to describe the solute and a continuum of dielectric congtant
potentials to describe the soluteolvent interaction and the ) .
TIPnP potentials to describe the explicit solvent, for the solvent. The AMBER potential uses quantum mechani-

The description of the solutesolvent interaction will be based cally derived RESP charg¥sto calculate the electrostatic

on the Lennard-Jones 12-6-1 analytical function whose molec- energy, and Lennard-Jones parameters derived from liquid

ular parameters are taken from fitting soldat®lvent interaction propertie$’ fo calculate the van der Waals energy.
: S . . The hydration of ethene to give ethanol is a typical example
energies calculated at the ab initio lev&128 instead of using Y g b P

the geometric-mean combining rules or parameter tables forof reactions of electrophilic and nucleophilic addition to the
g 9 para ! carbon-carbon double bond. This reaction, that usually takes
model molecules. The solute charges are derived from a fit of

- . . place in an acid medium, in the absence of a catalyst can be
the electrostatic component (ES) of the sotuater interaction " .
energy, which will be denoted as ESIE in accordance with regarded as an example of a proton addition process in an

previous work. With respect to the molecular parameters of the agueous environment. The reaction can be schematized as the
van der Waals terms in the LJ(12-6) interaction potential, we transfer of a water hydrogen (with the rupture of anibond)

" : . to the carbor-carbon double bond to form a new bond<C
employed a fitting procedure based on using different compo- H), simultaneous with the rupture of thebond (C-C) and
nents of the interaction energyn particular, the repulsion- !

exchange (EX), polarization (PL), and dispersion (DIS) the formation of a covalent bond between the water oxygen
. - : . and the other carbon atom {©).
componentsto describe the repulsive and attractive contribu-

tions of the interaction. H H H H
The present work can be considered as a continuation of \  /
previous studi€ in which the LJ(12-6-1) potential determined QI OH——C—C—H

from the EX-PL-DIS-ES components was proposed to describe H i
chemical reactions in aqueous solution. There are three main

objectives pursued in this work: (a) to analyze, by means of

the radial distribution functions and of the solu®olvent

H H

Theoretical and experimental studies of this reaction have
* Corresponding author. Telephone#+34-924280401. Fax:+34-  been carried out by several auth8ré® providing structural and
924275576. E-mail: santi@unex.es. energy information that can be compared with that given by
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(a) of the O—H and C-C bonds and forming of the-€0 and C-H

bonds, as well as deviation from planarity of the ethene fragment
atoms. It is important to stress that the transition state corre-
sponds to the simultaneous attack on the two carbon atoms of
ethene, and that the mechanism of the reaction in solution can
therefore be assumed to proceed through a single transition state,
rather than stepwise.

2.2. Potential Function and Parameters for the Solute
Solvent Interaction. Several hundred values of the SCF and
MP2 solute-solvent interaction energy were used to obtain the
interaction parameters of the chosen potential energy function.
In the present study, this was a Lennard-Jones 12-6 potential
function that includes a Coulomb term in addition to the van
der Waals terms:

(b)

A B
Uyp=>  ——) —+ ) — (1)
% r-}z ] rﬁ Z Fij
The net charges on each solute atgivere obtained using
the ESIE procedure, which has been extensively described in
previous work®28 |t can be summarized as fitting the values
of the Coulomb electrostatic component of the interaction energy
UsW(ES), using the variational scheme of Morokuma and co-
workerg? “implemented in the GAMESS packd§avith the
expression
aq’
UoES)= 5 — 2)
T T

where the charges of the solvent watrare pre-assigned as

Figure 1. Geometry of the (a) reactant, (b) transition state, and (c) the TIP3P charges.
product molecules. The Lennard-Jones parametégs andB;" are obtained in a

] ) ) similar way toq, but now the energies used in the fits are
applying our model potential. We can thus validate the goodnessthose that describe the exchange (EX) and polarization (PL)
of our proposed model for the theoretical study of chemical components of the interaction energy at the SCF level and the

reactions in aqueous solution. Nevertheless it will be necessarygispersion (DIS) component related to the MP2 correlation
to keep in mind, when comparing with other results, that our energyse

study deals with a concerted mechanism with the participation

of one molecule of water, while most of the existing results A
come from stepwise mechanisms catalyzed by some acids. U (EX) = 2 (3)

12
, ) , oI
2. Formalism and Calculation Details I

2.1. Geometry of the MoleculesFor this work, we chose Bﬁw
the ethene and water molecules as reactants and the ethanol U,(PL+ DIS) = z — (4)
molecule as the product: ] ri?
C,H, + H,0 — CH,CH,OH The parameters", B, andgy are listed in Table 1 for the

ethene, etherewater, and ethanol systems. They were obtained

The geometries of the ethene, water, and ethanol involved in either from the EX-PL-DIS-ES components or from the AM-
the simulations were determined at the MP2 |&Velith the BER(ff99) force field, and they will henceforth be denoted as
“split-valence” 6-31G* basis of Pople et @4 using the ABQ and AMBER parameters, respectively.
Gaussian/92 packadéand they are shown in Figure 1. The 2.3. Formalism for the Thermodynamic Study of Reaction
separation and relative orientation of the two solute molecules ProcessesKnowledge of the energy curves that guide fluctua-
that form the transition state (ethene and water) were obtainedtions of the solvent is particularly important in the study of
in solution using the PCM mod€lat the MP2/6-31G* level. chemical processes in solution because it allows one to cal-
Figure 1b shows the geometry of the transition state in which culate the reaction and activation energies of the process
the hydrogen of the water molecule (whose bond is stretched without the necessity of determining the reaction path. One of
up to 1.23 A) is located near the carbon (at 1.46 A) to favor the the most commonly used reaction coordinates is the dif-
proton addition simultaneously with the nucleophilic attack of ference in the solutesolvent interaction energy of a given set
the OH radical on the other carbon atom (separated by 1.85 of solvent molecules in the presence of the reactant, trans-
A). This transition state was verified by carrying out a normal- ition state, and product structurésfor which one only
mode analysis, which provides a single imaginary frequency needs the potential function that suitably describes this interac-
whose eigenvector corresponds to the simultaneous breakingion. Thus, one can use the differences in the selutater
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TABLE 1: Interaction Parameters2b of Reactant, Transition State, and Product Molecules
ABQ AMBER
system atom A Bj o7 A Bj (o]
ethene C 515233.4 496.5 —0.462 696790.7 564.5 —0.332
HC 9981.8 53.7 0.234 50543.6 98.2 0.166
ethanol G 2229758.8 1166.8 —0.475 785890.0 636.7 —0.126
C 228015.5 —139.3 0.578 785890.0 636.7 0.306
(e} 405540.3 741.3 —0.365 582511.3 645.5 —0.682
HC, 7383.7 42.4 0.149 69177.3 116.2 0.012
HC, 117572.5 120.4 —0.346 69177.3 116.2 —0.018
HO 3731.8 76.8 0.544 0.0 0.0 0.414
ethene-water G 704982.5 238.1 0.267 696790.7 564.5 0.281
C 1110286.2 596.6 —0.931 785890.0 636.7 —0.754
Oy 1228049.8 238.6 —0.980 582511.3 645.5 —0.743
HsCy 20625.6 72.0 0.113 50543.6 98.2 —0.066
H4Co 21298.6 30.8 0.164 50543.6 98.2 0.098
HsC1 30276.8 98.4 0.240 69177.3 116.2 0.162
HeC1 28526.7 14.8 0.256 69177.3 116.2 0.187
HsO 2005.3 954 0.523 0.0 0.0 0.396
HoC1 117253.3 99.4 0.363 0.0 0.0 0.304

2The van der Waals parameters (with the oxygen as the only interaction center) and charges in the solvent water are the TIP3® iralues.

kcal A2 andB; in kcal A®

interaction energiesUsy) between the diabatic states of the
solute in its product (P), transition state (TS), and reactant (R)
structures for a broad set of configurations of solvent molecules
around the solute in a simulation (S).

®)

AEg=Ugyp— Usyr

Thus, in the MD simulation of the reactant€{SR), we divide
the trajectory intoN equally separated steps. At each of these
steps, the interaction energies of the solvent with the solute in

of the curveGg, where the separation between the two minima
is
AG(x, = Ael; X = Ael) = G, — Gi, = a(Aef, —

A€l) + b(Aef, — AeL)? + c(Ael, — Ael)* + ... (8)

with Aef, and Aef, being the most probable values AE in
the free energy curveSp andGg, respectively, and, b,andc
are the coefficients of the polynomial fit to the cur@e.

2.4, Simulation Details.Molecular dynamics simulations of

its reactant and product forms are calculated simultaneously an NVT ensemble of a solute molecule in an aqueous environ-

(Uswr andUswp. In the same way, the interaction energies
are calculated for the product simulation£3P) and transition
state (S= TS). In all cases, the differenaeE; fluctuates, and

ment formed by 210 water molecules were carried out at 298
K using the AMBER program? The time considered for the
simulations was 1200 ps with time steps of 0.1 fs. The first

its values are collected as a histogram of the number of times 200 ps were taken to ensure that the equilibrium is reached

Ns that a particular valuée of the macroscopic variabl&Es
appears in the simulation.

The probability Ps(Ae) of finding the system in a given
configuration can be expressed

Ns

S(AEt) — Ae)
P(Ag) = —

N (6)

S

where AE(t) is the value of the energy gap at tite time
step of the trajectory s. The delta functionis assigned a
value 1 whenAE(t) — Ae| < (A€max — A€min)/2npins, and a
value 0 otherwise, wherAenax and Aenin, are the maximum
and minimum values of thé\e that occurs during the tra-
jectory andnyins is the number of bins used to construct the
histogrant!6—48

The free energyGs(Ae€) is computed from the normalized
probability distribution of the variablée:

Gg(Ae) = —KkgT In Pg(Ae) )

Next, a search is made for the polynomial function that best
fits these free energies, and the result is plotted. To obtain
analytically the value of the reaction and activation energies,
the curveGp is made to coincide at the point of minimum energy

completely, and the last 1000 ps were stored to configurations
of the water molecules required for the determination of the
thermodynamic and structural properties studied in this work.
The water molecules initially located at distances less than 1.6
A from any solute atom were eliminated from the simulations.

The long-range electrostatic interactions were treated by the
Ewald method? and the solutes were kept rigid using the shake
algorithm5% A cutoff of 5 A was applied to the watemwater
interactions to simplify the calculations, and periodic boundary
conditions were used to keep the number of solvent molecules
constant. The solutesolvent interactions were calculated with
the potential function LJ(12-6-1), using the parameters obtained
from fitting the EX-PL-DIS-ES components or those from the
AMBER(ff99) field forces, while for the solventsolvent
interactions the potential TIP3P of Jorger@amas employed.

Finally, in calculating the differenceAEs and building the
AGs free energy curves it is necessary to keep in mind that in
the configurations stored during the simulation of one of the
molecules, the other molecule must be displaced to the position
occupied by the first and reoriented in order to reproduce the
distribution of their atoms.

Results and Discussion

Inspection of Table 1 shows that our ABQ potential leads to
systems with greater charges than those obtained with the
AMBER potential in all the molecules considered (reactant,
transition state, and product). It is necessary to emphasize that
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Figure 2. Radial distribution functions with ABQ (---) and AMBER
(—) potentials: (a)gu-o, and (b)gc-w for ethene; (c)gn-o and (d)
Jo-+ for ethanol.

the RESP and ESIE charges describe theHObond of the
ethanol molecule differently. Thus, with our potential, the
hydroxyl hydrogen is more charged while part of the charge of
the oxygen is transferred to the hydrogens of the gre@i..
Furthermore, the terminal group GHppears more charged with
our parameters.

This result leads to a greater hydration of the solute, and it is
in consonance with the radial distribution functions shown in
Figure 2. The shape of thg,, functions (wheres represents
any solute atom and/ any atom of the water solvent) in the
ethene molecule show some degree of similarity with both
potentials, although the ESIE curve is always higher, justifying

Arroyo et al.

TABLE 2: Solute—Solvent Interaction Energies and Free
Energies Associated with the Reaction Proceys

MP2(Full))/

AMBER ABQ HF-PCME  6311G(d,p)
AU 151  —6.84
AU./8  16.81 16.67
AGP -3.70 -146(147¢ -16.18 9.4
AGHe 0.45 36.27 (14.7) 91.26 67.1

a|n kcal/mol.” Reaction energy for ethen¢ water — ethanol
process¢ Activation energy for ethanot> ethene+ water process.
4 Results in parenthesis are obtained using only the R and P free energy
curves.® Values obtained using the polarizable continuum model and
HF energies! Refs 33, 34.

the greater hydration (notice that in the ESIE case the bond of
the solvent with the solute carbon atom is favored, with a first
peak 42 A and a second more intense peak at 4 A). For the
ethanol solute, something similar is the case, although we have
to stress that some functions have their peaks shifted with respect
to the result obtained with the RESP charges. Thus, for example,
the functiongo-n with our potential has a first maximum at
approximately 3 A, outside the typical region of the hydrogen
bond, while for thegy—o function the first peak is much more
intense with our ESIE charges. These results can be explained
by the different charge on the hydroxylic bond atoms in the
alcohol, since when we move from the AMBER to the ESIE
parameters, the charge on the oxygen atom is reduced in half,
and therefore the aqueous solvent is more weakly attracted and
the distance between solute and solvent increases. Conversely,
the charge on the hydrogen atom increases by 0,leading

to an increase in the intensity of the peak observed imgthe
function.

Comparing the water molecules in the first solvation shell of
the ethanol molecule obtained from integration of gaeo and
Jco—o functions up to the first minimum, one can say that the
values of 3 and 16 obtained with the two charge models are
close to the 3.8 and 183 experimental values. Also, in the
ethene molecule the coordination number of the carbon atom
obtained &6 A with our potential is 19 molecules, in good
agreement with the result of 23 water molecules given by van
Erp and Meijer®

In the solvation process, the ethanol molecule presents an
average solutesolvent interaction energy 6f24.87 kcal/mol,
larger than the-5.01 and—13.02 kcal/mol values for the ethane
and water reactants respectively, with a reaction exothermicity
of [AUsy[0= —6.84 kcal/mol computed with our parameters.
Intermediate between these values is-#820 kcal/mol of the
interaction of the transition state with the aqueous solvent and,
therefore, an activation energy 6AU%,[0= 16.67 kcal/mol
with our method. It is also important to mention that the ABQ
potential model gives a greater interaction energy in all the
molecules as a consequence of the more charged solute (compare
the aforementioned ABQ potential values with thel.90,
—13.41, andt-3.40 kcal/mol for ethane, ethanol, and transition
state using the AMBER parameters). With all these values, we
perform an estimation of the reaction and activation energies
(see Table 2), finding that with our parameters the reaction is
more exothermic, while the activation barrier is by chance
similar with the two potentials. One can say that the reaction
of formation of ethanol from ethene in solution is accompanied
initially by a decrease (RTS process) and then by an increase
(TS—P process) in the molecular hydration. Nevertheless these
reaction and activation energies, obtained taking into account
only the solute-solvent interaction energidds,, are far from
the available values, therefore making it necessary to perform
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Figure 3. Free energy curves for R and P simulations with ABQ and
AMBER potentials.
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Figure 4. Free energy curves for TS and P simulations with ABQ
and AMBER potentials.

a more appropriate analysis where other energies such as thecalculations give barriers of 67.1 kcal ni8i2* and BLYP/6-
solvent relaxation or entropy contributions are considered.

. L . 31G* calculations give 64.4 kcal/n¥8l for the reaction of
To calculate the reaction and activation free energies, we

X A ethanol dehydration. The present values of the free energy
icr?nlfitg;ﬂ(r:éesd Ct%hi\r?d T4S’ %rlllivpviglgabaatg:rgs: dir::r%i/rﬁﬁ;\r/efos?r?;\t'er};\ctivation are very far from any of the theoretical values (the
employed by Ando and Hynes for acid ionization in wetef ab initio results suggest that the threshold energy for the

The relative positions of these curves were corrected in elimination water from ethanol is76 kcal/mol), although our
accordance with the work of Tachig&so that the curves are potential improves the results of this energy noticeably compared

. . . L _R(TS) L to those obtained using the AMBER parameters. In this regard,
vert|c_ally shifted at the point yvherAeP = A& ! making it it is interesting to note that the activation energy was notably
possible to apply eq 8. With both potentials, the curves improved whemG was fitted to polynomial functions and when
corresponding to the product are somewhat deeper than thosgy,q free energy curve associated with the transition state was
of the reactant and transition state, leading to exothermic yauen into account in the calculation, since applying the
reactions with noticeable barrier energies. traditional fit to quadratic functions and considering only the R

Given that the computed free Sheray of this reaction 94 and P free energy curves vyields results of 14.7 kcal/mol (see
kcal/mol with an MP2 treatmeni#;3*and—9.09 kcal/mol with values in parentheses of Table 2).

a BLYP-CPMD modeP537 one can conclude that the results

obtained with our electrostatic and van der Waals parameters, .| sions

describe reasonably well the reaction energy, and significantly

better than when the AMBER parameters are used in the LJ- In summary, the use of simple potentials of the type LJ(12-

(12-6-1) potential function and when the effect of the solvent 6-1) to describe the solutesolvent interactions in the molecular

as a dielectric is considered (see valugs in Table 2). dynamics simulation of chemical reactions in an aqueous
Comparing the values of the activation free energy in the medium, and to obtain free energy curves, leads to acceptable

ethanol formation with those from experimental studies, one results when the interaction parameters are chosen appropriately.

observes an appreciable difference between the two potentialsThus, when one uses the ESIE charges andA@”(eand Bf}w

used. Of particular interest in these experimental studies is theparameters determined from the EX-PL-DIS components of the

work of Baliga and Whalley? in which they measured the interaction energy, the results for the free energy of reaction

hydration of ethene in dilute aqueous perchloric acid in the range are in acceptable agreement with the available theoretical and

of 170-190 °C at 100 bar, and estimated a barrier height of experimental data. Nevertheless, although the activation energy

33.3+ 1.0 kcal/mol. This value would be higher when the obtained with our potential model is better than that resulting

catalyst is absent. For example, MP2(FULL)/6-311G(d,p) from using AMBER parameters, it seems necessary to consider
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a better description of the solutsolvent interaction parameters
(improving the description of the electrostatic, exchange repul-
sion, polarization, and dispersion contributions to the interaction

Arroyo et al.

(20) Tolosa, S.; SanspJ. A.; Hidalgo, AChem. Phys. Let2002 357,
279.
(21) Tolosa, S.; SansgJ. A.; Hidalgo, A.Recent Research Delop-

ments in Chemical Physic$ransworld Research Network, 2002.

energies) and of the transition state structure (considering that (22) Tolosa, S.; SanseJ. A.; Hidalgo, A.Chem. Phys2003 293 193.

several water molecules can take part in the transition state

through a stepwise mechanism) to obtain acceptable values of 7

(23) Tolosa, S.; SanseJ. A.; Hidalgo, AJ. Solution Chen2005 34,

(24) Tolosa, S.; SanseJ. A.; Hidalgo, A.Chem. Phys2005 315, 76.

this property. These considerations are, however, beyond the (25) Tolosa, S.; SansgJ. A.; Hidalgo, A.Mol. Simul.2005 31, 549.

objectives pursued in this work, focused in showing that the

used methodology is applicable to the study of reactions in 339

agueous solution.
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