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Die Struktur der Solvath�lle spielt eine wichtige Rolle in der w�ssrigen
Chemie. So kann die Einleitung von Reaktionsschritten entscheidend
von Details der Koordination von Wassermolek�len an einer reaktiven
Spezies abh�ngen, wie T. S. van Erp und E. J. Meijer auf den folgenden
Seiten anhand einer Molek�ldynamiksimulation der protonenunter-
st�tzten Hydratation von Ethylen zeigen.
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Proton Transport

Proton-Assisted Ethylene Hydration in Aqueous
Solution**

Titus S. van Erp and Evert Jan Meijer*

Recent studies have revealed an accurate atomistic picture of
proton transport in bulk water, the prime prototype proton-
transport reaction. For example, femtosecond pump–probe
spectroscopy[1] of the OH stretch vibration in liquid water has
clarified the first stage of water deprotonation. Earlier, the
nature of the mechanism and dynamics of proton transfer in
bulk water has been addressed in a computational study using
ab initio molecular dynamics.[2, 3] In the present paper we go
beyond proton transport in bulk water and address the
fundamental chemical process of acid-catalyzed addition of
water to an alkene double bond. This serves as a primary
example of chemistry induced by exchange of protons in an
aqueous environment. Although the basic principles are well
established and part of undergraduate textbooks, the detailed
understanding of the mechanism and dynamics is still lacking.
For example, it has been a matter of long debate[4–7] whether
the acid-catalyzed hydration of alkenes is a sequential process
(AdE2) where the formation of a protonated alkene (carbo-
cation) precedes the nucleophilic attack by a water molecule,
or a concerted process (AdE3) where the protonation and
nucleophilic attack occur simultaneously.[8]

Here we report on an ab initio molecular dynamics
simulation study of proton-assisted hydration of ethylene in
aqueous solution. An alternative hydration mechanism,
involving an intermediate ethylene radical cation, has been
addressed in an earlier study,[9] which used the same computa-
tional approach as in this work. Simulations[10–12] were
performed of a system consisting of an excess proton in a
solution of one ethylene molecule and 32 water molecules.
The simulation cell is a periodically replicated cubic box with
a size corresponding to the density of a solution of ethylene in
water (1:32) under ambient conditions. The temperature is set
at T= 300 K and imposed with a Nos6–Hoover thermostat.
We should note that the size of the periodic cell in our study is
relatively small, allowing for incorporation of only a single full
ethylene/ethanol solvation shell. However, a recent study[13]

has shown that the despite the small system size the solvation
of ethylene and ethanol is reasonably well described.
As the rate of hydration is by far outside the timescale,

� 10 ps, accessible to ab initio molecular dynamics, the
reactive events are enforced by using the method of

constraints. Starting from an initial configuration consisting
of a hydronium–ethylene complex, a reactive event was
enforced by transferring a hydronium proton stepwise to an
ethylene carbon. The transfer was controlled by fixing the
asymmetric stretch coordinate q= rOH+�rH+C. Here, rOH+ is the
distance between the hydronium oxygen and the hydronium
proton, and rH+C the distance between the hydronium proton
and one of the ethylene carbons. The reverse reaction, that is,
the dehydration of ethanol, was also simulated.
The snapshots of four stages along the ethylene hydration

pathway shown in Figure 1 indicate that the enforced proton

transfer results in the formation of a protonated ethanol,
which rapidly donates its proton to the solution. Figure 2
shows the calculated force profile together with the associated
free-energy profile. The steepness of the force profile near the
maximum shows that the transition occurs in a narrow
window of the proton-transfer coordinate q. In this region
both the simulations along the hydration and the dehydration
pathway show a sudden jump and sign-reversal of the

Figure 1. Snapshots of representative configurations of ab initio molec-
ular dynamics simulations of the proton-assisted hydration of ethylene.
Molecules involved in the reaction are shown as ball-and-stick models.
Other molecules are represented with lines. White, red, and green indi-
cate hydrogen, oxygen, and carbon atoms, respectively. Dashed yellow
lines indicate hydrogen bonds. Edges of the periodically replicated
cubic simulation cell are in blue. q is the proton-transfer reaction coor-
dinate. a) q=�1.1 #, initial stage showing the hydronium–ethylene
complex. b) q=0.0 #, just before the transition state. The proton trans-
fer within the hydronium–ethylene complex is halfway between the
water oxygen and one of the ethylene carbon atoms. Ethylene is not
yet hydrated. c) q=0.11 #, just after the transition state. The proton
transfer has been accompanied by formation of a C�O bond between
the other ethylene carbon atom and a water molecule, thus converting
ethylene into a protonated ethanol. d) q=1.1 #. Proton transfer has
been completed. The proton (purple ball) has been released into solu-
tion.
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constraint force. This is accompanied by a formation or
cleavage of a C�O bond, as shown in Figure 3. This behavior
and the associated mismatch between the force profiles for
hydration and dehydration indicates the presence of hyste-
resis. It shows that the reaction mechanism also involves
structural rearrangements that are not accounted for by the

imposed proton-transfer reaction coordinate. Analysis
of the reactive events shows that the formation of the
C�O and C�H+ bonds occurs simultaneously, indicat-
ing that the reaction is an AdE3 addition. Consequently,
the reverse reaction, that is, the proton-assisted dehy-
dration of ethanol, is an E2 elimination reaction. The
calculated hydration activation energy of 23 kcalmol�1

is near the experimental values for the activation
barriers of the hydration of isobutene[14] (23 kcalmol�1)
and 2-methyl-2-butene[15] (19 kcalmol�1) in acidic sol-
ution.
Figures 2 and 3 show that the trajectory at q=

0.11 < along the hydration route and the trajectories
at q= 0.05 and 0.00 < along the dehydration route
exhibit reactive events with the force on the proton-
transfer coordinate changing sign and the C�O bond
either forming or breaking. First we consider the
trajectory for ethanol dehydration at q= 0.05 <. Just
before the C�O bond breaks at � 8 ps, the OH2 group
leaving the protonated ethanol is hydrogen-bonded to
three water molecules, with the C�O bond length
around 1.8 <. Figure 4b shows the configuration of the

protonated ethanol and its hydrogen-bonded water
molecules at that moment. In the first 8 ps of this

trajectory various configurations appeared that had a similar
C�O bond length but did not evolve into a dehydration
reaction. A typical example is shown in Figure 4a. The
distinction between this nonreactive configuration and the
reactive configuration at 8 ps is clear: the reactive configu-
ration shows the ethanol OH2 group threefold hydrogen-

Figure 2. Calculated constraint force and associated free-energy profile along
the reaction path of the acid-catalyzed interconversion of ethylene and etha-
nol. Results were obtained from trajectories of 5–10 ps with a prior equilibra-
tion of 1 ps. In the plot of the constraint force, the circles indicate the results
obtained for the ethylene-hydration pathway and the triangles are the results
for the ethanol-dehydration route. Open symbols indicate trajectories for
which the constraint force showed a significant sign-reversing change in the
direction of the arrow. The free-energy profile is obtained by integrating the
connecting line through the calculated constraint force points.[25] Here, the
first point of the hydration route (q=�1.6 #) is taken as reference.

Figure 3. Time evolution of the constraint force (top) and C�O bond length
[#] (bottom) in simulations of hydration (solid line) and dehydration (dashed
line) at reaction-coordinate values of q=0.11 and q=0.05, respectively. The
sudden significant sign-reversing change of the constraint force is accompa-
nied by C�O bond formation (hydration) and breaking (dehydration).

Figure 4. Nonreactive (a) and reactive (b) configurations for the dehy-
dration of protonated ethanol. Nonreactive (c) and reactive (d) config-
urations for the hydration of ethylene. The color codes are the same as
in Figure 1. Yellow balls denote Wannier function centers.[26] Numbers
indicate bond lengths [#]. Solvent molecules not directly involved in
the reaction are omitted for clarity.
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bonded, whereas in the nonreactive configuration the OH2
group is twofold hydrogen-bonded. Apparently, a threefold
coordination of the ethanol OH2 group is required for it to be
able to leave as a water molecule.
Next we consider the q= 0.11 < trajectory along the

hydration route. Just before the reactive event at � 2 ps, the
hydrating water molecule is coordinated by three water
molecules at a C�Odistance of 2.64 < and a C�H+ distance of
1.37 < (Figure 4d). We identified several configurations in
the short time before this reactive event with nearly the same
C�O and C�H+ distances that did not evolve directly into a
reactive event. Figure 4c shows a typical example of one of
these configurations. The distinction between the reactive and
nonreactive configuration is the angular arrangement of the
coordination of the hydrating water molecule: the reactive
configuration has a near-tetrahedral arrangement of the three
hydrogen-bonded water molecules and the ethylene carbon,
with COO angles in the range of 98–1188. In contrast, the
coordination in the nonreactive configuration deviates sig-
nificantly from the tetrahedral structure, with COO angles in
the range of 90–1498. To restore the favorable tetrahedral-like
arrangement between the water molecules, the hydrating
water molecule should move away from the ethylene and
consequently does not form a bond with the carbon. The
stable tetrahedral-like coordination allows the molecule to
remain in position near the ethylene and form a C�O bond.
The important role of the structure and relaxation of the

solvation shell found in our simulation of the proton-assisted
hydration of ethylene is reminiscent of the solvent reorgan-
ization reported for the hydration of an ethylene radical
cation.[9] . Obviously, given the rather different nature of a
radical and a protonated ethylene, the detailed geometries of
the solvation structures show quantitative differences. In
conclusion, our results point out that local solvation structures
are crucial in aqueous chemistry involving protons. Conse-
quently, the common computational approach of comple-
menting a quantum-chemical description of the reacting
species with a continuum model to incorporate the presence
of the solvent will fail to capture these effects. A proper
understanding of aqueous chemistry requires computational
and experimental studies to probe the reacting species and the
molecules of the nearest solvation shells on an atomistic level.
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