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1. Introduction

Alkyl halides are an important class of halocarbon compounds

in the troposphere. Methyl chloride, in particular, is the most
abundant one and because of its long tropospheric lifetime

(about 1.5 year), it supplies 0.5 ppb of chlorine into the strato-
sphere.[1] In this part of the atmosphere, CH3Cl absorbs UV radi-

ation and dissociates through photolysis to form Cl atoms,
which play a key role on the ozone depletion process.[2]

The tropospheric budget of CH3Cl is not yet completely un-

derstood however.[3] It is emitted into the atmosphere by both
natural and anthropogenic sources.[4] Natural sources are the

most important ones, with tropical forests being the largest
contributor. Biomass burning, coastal salt marshes, industry

and fuel combustion are also significant sources of CH3Cl. Bio-
genic production involves an enzymatic process in which chlo-
ride methyltransferase catalyzes the S-adenosyl-l-methionine

methylation of the chloride anion.[5] It has been suggested that
spectroscopic signatures of CH3Cl with simultaneous detection
of O2 or O3 would be a strong evidence for life in extraterrestri-
al planets.[6] The main sink of CH3Cl in the troposphere is reac-

tion with OH, which produces water and the CH2Cl radical
[Eq. (1)]:[1]

CH3Clþ OH! CH2Clþ H2O ð1Þ

The experimental rate constant ranges between 3.65 and

4.46 V 10@14 cm3 molecule@1 s@1 at 298 K.[3, 7]

The atmospheric budget of volatile organic compounds

such as CH3Cl may be influenced by their interaction with
cloud water droplets and aerosols, whose role on tropospheric

chemistry begins to be recognized.[8] In fact, adsorption of gas-
phase molecules on the air–water interface may be the cause

of significant modifications of their reactivity. Recent computer

simulations have provided key insights on this topic.[9] On one
hand, it has been shown that interface solvation effects can be

more intense than bulk solvation effects in water.[10] On the
other hand, the air–water interface might influence the atmos-

pheric budget of HOx radicals significantly. For instance, we
have shown that the OH formation rate from ozone photolysis
is accelerated at the air–water interface by as much as 3–4

orders of magnitude compared to the same process in the gas
phase.[11] The heterogeneous chemistry occurring at the air–
water interface of water droplets in the troposphere is there-
fore a highly relevant research topic that deserves further ex-

ploration.
Some experiments on CH3Cl at the air–water interface have

been reported[12] as well as some theoretical works using classi-

cal molecular dynamics simulations.[13] Previous studies have
focused on the preferred orientations of CH3Cl and on the

thermodynamics of the adsorption process. In the present
work we have investigated, in a first step, the gas-phase

CH3Cl + OH reaction and, in a second step, the hydration ef-
fects and the dynamics of the process at the air–water inter-

face. We use high-level ab initio methods for the gas phase re-

action and combined Quantum Mechanics and Molecular Me-
chanics (QM/MM)[14] molecular dynamics simulations for the re-

action at the interface.

The reaction of methyl chloride with the hydroxyl radical OH is
an important process in the troposphere. The kinetics of this

reaction has been thoroughly studied in the gas phase, both

experimentally and theoretically, but little is known about the
effect of water on this reaction. In particular, investigating the

reaction mechanism at the air–water interface is key in order
to better understand the role of cloud water droplets and aer-

osols on the overall oxidation capacity of the troposphere. In

this work, we have implemented a “rare event” approach com-
bined to QM/MM (quantum mechanics and molecular mechan-

ics) molecular dynamics simulations to investigate the dynam-

ics of the H-abstraction reaction CH3Cl + OH!CH2Cl + H2O at
the air–water interface. For comparison, high-level ab initio cal-

culations for the reaction mechanism in the gas phase are also
reported and accurate kinetic constants at different tempera-

tures are provided.
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2. Computational Approach

The gas-phase reaction has been studied first. Geometry opti-
mization and vibrational frequencies have been computed

using Density Functional Theory based methods at the B3LYP
level.[15] Two basis sets have been employed.[16] The 6-311 +

G(d,p) basis set has been used for comparison with simulations
at the air–water interface (see below), but the geometries have
been further refined using the 6-311 + G(2df,2p), basis set in

order to get more accurate data for the gas-phase kinetic pa-
rameters. At these levels of theory, we have also calculated the

zero-point energies and the thermal contributions to enthalpy
and Gibbs energy. In addition, intrinsic reaction coordinate
(IRC) calculations[17] have been done to verify the connectivity
between stationary points. Final energies were computed by

performing single point energy calculations at the CCSD(T)

level[18] using the aug-cc-pVTZ and aug-cc-pVQZ basis sets[19]

and considering the extrapolation to the complete basis set

(CBS) limit according to the scheme proposed by Helgaker
et al.[20] These calculations have been carried out on B3LYP op-

timized geometries. Rate constants have been computed using
variational (VTST) transition state theory[21] and the tunneling

effects have been incorporated through the small curvature

approach. Calculations have been done using the programs
ORCA[22] and Gaussian[23] for the quantum chemical calcula-

tions, and Polyrate[24] for the kinetic study.
Calculations at the air–water interface have been carried out

using QM/MM Molecular Dynamics (MD) simulations in the
NVT ensemble at T = 298 K with a Nos8-Hoover thermostat.[25]

We assume a simulation box containing the reactant species

(CH3Cl, OH) and 499 water molecules described by the classical
TIP3P force-field.[26] The box size is (in a) 24.689 V 24.689 V 130

and we use periodic boundary conditions along the X and Y
directions. The reactant system CH3Cl + OH is described at the

B3LYP level with the 6-311 + G(d,p) basis set. Note that the
basis set used in our previous work[9] for methyl chloride alone

was slightly different, 6-311 + G(d). The time step is 0.25 fs. All

the simulations have been done using the Gaussian program[23]

for the QM calculations, Tinker 4.2[27] for the MD simulations

and the interface developed by us.[28]

Several simulations have been done. In each case, the
system has been conveniently equilibrated before the produc-
tion run. In the first simulation (S1), the dynamics of CH3Cl at

the interface is analyzed through an unconstrained 300 ps tra-
jectory carried out in our previous work.[9] In the second simu-
lation (S2), we look at the dynamics of the transition structure

(TS) for the CH3Cl + OH reaction at the interface. In this case,
we constrain the reaction coordinate (RC) to its value in the

gas-phase calculation. Our results for the energetics at the in-
terface (see below) show that this is a suitable approximation

for reaction (1). We use the approximated expression RC = dCH-

dOH, where dCH and dOH correspond to the breaking C@H and
forming O@H bond distances, respectively. The trajectory was

run for 155 ps. Finally, in the third simulation, we run a set of
unconstrained trajectories starting from different configura-

tions of S2. We integrate the equations of motion forward and
backward in time (along 2.5 ps in each case) in order to reach

either the reactants or the products. These two half trajectories
are then linked together to finally get a set of trajectories 5 ps

in length (S3) that reach the transition structure but can be re-
active or non-reactive depending on the connected structures.

They thus provide dynamical information on the chemical pro-
cess according to the principles of the rare event approach

(REA) theory[29] that we implemented in the framework of the
QM/MM methodology.[30] For the reactive trajectories, we have
recalculated the potential energy through single point energy

calculations at CCSD(T)/aug-cc-pVTZ level of theory for a set of
QM/MM MD snapshots, as explained below.

3. Results and Discussion

3.1. Gas-Phase Reaction

The gas-phase reaction has already been theoretically studied
in the literature.[31] We report here further calculations for the
sake of comparison with the process at the air–water interface.

Our results compare, in general trends, with the previously
published data. Nevertheless, since our computational level is
slightly higher than those previously employed, we will briefly
discuss the obtained results and compare them with previous
studies, as it can be useful for updating the parameters used

in current atmospheric models.
We have collected in Table 1 the relative energies for the

CH3Cl + OH reaction, and in Figure 1 the geometry of the rele-

vant structures. Table 2 contains the results of the kinetic
study. In this section we will only comment the values at the

highest level of theory CCSD(T)/CBS//B3LYP/6-311 + G(2df,2p),
although Figure 1 and Table 1 contains also results at the

lower level CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G(d,p) for
comparison with calculations at the air–water interface below.

As in many atmospheric reactions, reaction (1) begins with
the formation of the pre-reactive complex CR. In this complex,

the two moieties (CH3Cl and OH) are held together by a hydro-

gen bond, which is formed between the chlorine atom and
the hydrogen atom of the hydroxyl radical. From this pre-reac-

Table 1. Relative energies, energies + ZPE, enthalpies and Gibbs free en-
ergies at 298 K (in kcal mol@1) computed for the CH3Cl + OH!CH2Cl + H2O
reaction. See the corresponding structures in Figure 1.

Compound DE D(E + ZPE) DH DG

CH3Cl + OH 0.00 0.00 0.00 0.00
CR[a]

CR[b]

@3.70
@3.43

@2.61
@2.31

@2.65
@2.39

3.06
3.42

TS[a]

TS[b]

4.74
4.47

3.56
3.34

2.76
2.55

10.67
10.25

CP[a]

CP[b]

@18.88
@20.37

@18.86
@20.37

@18.22
@19.72

@14.29
@15.75

CH2Cl + H2O[a]

CH2Cl + H2O[b]

@16.81
@18.73

@18.18
@20.05

@17.58
@19.47

@19.04
@20.86

[a] Electronic energies are computed at CCSD(T)/aug-cc-pVTZ//B3LYP/6-
311+ G(d,p) level. ZPE, enthalpic, and entropic corrections are computed
at B3LYP/6-311 + G(d,p) level. [b] Electronic energies are computed at the
CCSD(T)/CBS//B3LYP/6-311 + G(2df,2p) level. ZPE, enthalpic and entropic
corrections are computed at the B3LYP/6-311+ G(2df,2p) level.
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tive complex, the reaction proceeds to the transition state TS,
which lies 3.34 kcal mol@1 above the energy of the reactants,

then to the CP post-reactive complex before products are
formed. Figure 1 shows that at the transition state, the OH
moiety has a syn-periplanar configuration with the C@Cl bond.
It displays a reactant-like structure,[31b] with the breaking C@H
bond being significantly shorter that the forming O@H bond
(dCH-dOH &@0.2 a). Note that we have carried out an extensive

search in order to ensure that a further transition state having
a different configuration does not exist. Note also that our
computed reaction enthalpy (@19.47 kcal mol@1) is in excellent

agreement with the value reported by Louis and co-workers[31a]

(@19.48 kcal mol@1).

According to the mechanism discussed for the CH3Cl + OH
reaction, the kinetic model can be written as displayed in

Equation (2):

CH3Clþ OHG
k1

k@1

HCH3Cl ? ? ? OH k2K!CH2Clþ H2O ð2Þ

so that the global rate constant k has been calculated follow-
ing Equation (3):

k ¼ k1

k@1
k2 ¼ K eqk2 ð3Þ

Keq is the equilibrium constant for the pre-reactive complex,
and has been calculated according to [Eq. (4)]:

K eq ¼
QCH3Cl???OH

QCH3Cl QOH
e@

ðECR@ER Þ
RT ð4Þ

whereas for k2 we have used the canonical variational transi-
tion state theory [Eq. (5)]:[21]

k2 ¼ k
kbT

h
QGT s*ð Þ

QCR
e@

V s*ð Þ
kb T ð5Þ

Here, s* is the free energy maximum along the reaction path

at temperature T, V(s*) the corresponding potential energy, QCR

is the partition function of the pre-reactive complex, QGT(s*) is

the generalized transition state partition function, and k is the
tunneling parameter, which has been computed with the small

curvature approach. Table 2 shows that our computed rate
constant ranges between 8.14 V 10@15 cm3 molecule@1 s@1 at

225 K and 4.87 V 10@14 cm3 molecule@1 s@1 at 325 K. At room

temperature, the computed value is 3.26 V
10@14 cm3 molecule@1 s@1, which is in excellent agreement with

the experimental values[3, 7] (3.65–4.46 V
10@14 cm3 molecule@1 s@1). Figure 2 displays the fitted Arrhenius

equation in the temperature range 200–400 K, k = 2.57 V 10@12

exp(@1303/T[K]) in cm3 molecule@1 s@1, where it is compared

Figure 1. Optimized geometries of the relevant species for reaction (1) at
the B3LYP/6-311 + G(2df,2p) level. Some interatomic distances at this level
are indicated with normal characters. Corresponding values for B3LYP/6-
311 + G(d,p) optimized structures are shown in italics. CR and CP correspond
to the pre-reactive and post-reactive intermolecular complexes, respectively.
Values in a.

Table 2. Calculated values of the equilibrium constant (Keq in
cm3 molecule@1), tunneling parameter (k), unimolecular rate constant (k2

in s@1), and global rate constant (k in cm3 molecule@1 s@1) for the CH3Cl +
OH!CH2Cl + H2O reaction.

T [K] Keq k k2 k

225 1.12 V 10@21 4.02 1.81 V 106 8.14 V 10@15

230 1.01 V 10@21 3.77 2.39 V 106 9.10 V 10@15

240 8.39 V 10@22 3.37 4.01 V 106 1.13 V 10@14

250 7.08 V 10@22 3.04 6.45 V 106 1.39 V 10@14

260 6.08 V 10@22 2.77 9.99 V 106 1.68 V 10@14

270 5.29 V 10@22 2.55 1.50 V 107 2.03 V 10@14

275 4.96 V 10@22 2.46 1.81 V 107 2.21 V 10@14

280 4.66 V 10@22 2.38 2.18 V 107 2.42 V 10@14

290 4.16 V 10@22 2.23 3.09 V 107 2.86 V 10@14

298 3.82 V 10@22 2.13 4.01 V 107 3.26 V 10@14

300 3.74 V 10@22 2.10 4.27 V 107 3.36 V 10@14

310 3.40 V 10@22 1.99 5.79 V 107 3.91 V 10@14

325 2.99 V 10@22 1.85 8.81 V 107 4.87 V 10@14

Figure 2. Comparison of the calculated Arrhenius equation in this work
(dashed line) with experimental data reported by Sander et al[32] (dotted
line) and by DeMore et al[33] (plain line); see also ref. [3]. The symbols corre-
spond to ab initio calculations for the rate constant at different tempera-
tures in this work (full circles), reported by Tzima et al[31b] (open circles) and
by Dehestani et al[31d] (full triangles). Units of k are cm3 molecule@1 s@1, and T
is given in Kelvin.
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with some experimental and theoretical values in the literature.
As shown, the agreement with experiment is very good in the

whole temperature range: at high temperature, the agreement
is better with the more recent parameters reported by Sander

et al.[32] , whereas at low temperature, it fits better former pa-
rameters reported by DeMore et al.[33] Differences between the

experimental Arrhenius equations could be attributed to the

different methods used to obtain them, which combine rela-
tive and absolute measurements of kinetic data reported by

several authors in the fitting procedure (for further details see
the original references).

3.2. CH3Cl Reactant Dynamics at the Air–Water Interface

Part of these results were already reported in ref. [9] and there-

fore we only make a summary here. First, the calculations
show that CH3Cl interacts weakly with the interface, as shown

by the absence of noticeable features in the solute-solvent

radial distribution functions.[9] In fact, CH3Cl desorbs from the
interface after about 220 ps in our simulation. When adsorbed

at the interface, the center of mass of the molecule remains
close to the formal interface, fluctuating between the water

and the gas-phase layers. Its average position is approximately
Z = + 0.4 a (s = 1.5 a) ; Z = 0 corresponds to the formal inter-

face and the positive sign of Z corresponds to the gas-phase
layer. Despite the weak strength of the CH3Cl-water interaction,

the rotational dynamics of the adsorbed system is modified so

that some specific orientations are slightly favored, namely
those in which the C@Cl bond is either parallel to the interface

or pointing towards the air layer (Figure 3). The calculation of

the rotational autocorrelation function (using a second-order
Legendre polynomial)[9] is satisfactorily fitted by a single expo-

nential term and leads to a decay time of 0.36 ps, confirming
the lack of long-time correlation. These findings support the

view of CH3Cl adsorbed at the air–water interface as a disor-

dered system and are consistent with previous studies.[12, 13] On
one hand, vibrational sum frequency generation experi-

ments[12] could not detect CH3Cl at the interface, suggesting
a low interface affinity of the molecule. On the other hand,

classical MD simulations reported a short residence lifetime, es-
timated to 140 ps,[13c] and led to comparable conclusions con-

cerning the relative orientation of the C@Cl bond with respect
to the interface.[13a,b]

At the interface, the electronic properties of CH3Cl change,
both on average and in terms of time fluctuation amplitudes;

in the following we consider the calculated averages using
data from the 300 ps simulation when the system is close (ad-

sorbed) or far (desorbed, gas phase) from the formal interface.
The average dipole moment changes from 2.1 D (desorbed) to

2.5 D (adsorbed) while the average HOMO energy changes

very slightly, from @0.302 au to @0.303 au in the same condi-
tions, respectively. But the most important interface effect con-

cerns the fluctuation of the properties, which is a key charac-
teristic of solvation at liquid interfaces.[11] This is illustrated here

with the HOMO energy in Figure 4, which clearly reveals that
although the average property is not much changed, the distri-

bution displays a completely different shape, quite narrow in

the gas phase, very wide at the interface. Obviously, this effect
is expected to influence the chemical reactivity of the mole-

cule, despite its weak affinity for the air–water interface.

3.3. Equilibrium Dynamics of the Transition Structure

We now examine the dynamics of the transition structure (TS)

at the interface. The TS is constrained for a value of the reac-

tion coordinate RC =@0.2 a, corresponding to the B3LYP/6-
311 + G(d,p) optimized structure in the isolated system. The
first important result in simulation S2, is that the TS displays
a certain interface affinity. It remains at the interface and no

desorption or bulk accommodation processes have been ob-
served at the time scale of the simulation. The average posi-

tion of the center of mass of the TS lies roughly at Z = + 0.1 a
(s= 1.3 a), that is, basically on the formal interface plane.
Indeed, the TS interacts more strongly with the solvent than

the reactant methyl chloride because the OH subunit is in-
volved in several hydrogen-bonds with water molecules. A typ-

ical snapshot is shown in Figure 5. In this Figure, we see the
formation of two hydrogen bonds in which the TS is the H-ac-

Figure 3. Snapshot of the QM/MM simulation S1 showing CH3Cl at the air–
water interface with the methyl group pointing typically towards the water
layer.

Figure 4. Normalized probability distribution of the HOMO energy of CH3Cl
in gas phase and at the air–water interface obtained in the QM/MM MD sim-
ulation.
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ceptor, and one in which it is the H-donor. On average, the

number of hydrogen-bonds along the simulation is 1.8 for
OTS···Hw bonds, and 1.0 for HTS···Ow bonds.

We have already mentioned that the TS exhibits a reactant
like structure on the basis of the breaking and forming bond

distances. To further characterize this property at the interface,
we have calculated the corresponding bond orders. For C@H,

the average value in simulation S2 amounts 0.641, to be com-

pared with the value 0.929 for the reactant CH3Cl. For O@H,
the average value in the TS simulation is 0.254, to be com-

pared with the value 0.772 in the product water. Based on
these values, it can be deduced that at the TS, the chemical

bonds directly involved in the process have been modified by
about 30–35 % with respect to the total change required to

reach the final values.

3.4. Reactive Trajectories

A total number of 398 initial configurations for the TS were
considered and in each case a trajectory of 2.5 ps was

launched for positive time, then for negative time (i.e. a total
number of 796 trajectories were carried out for a total simula-

tion time slightly smaller than 2 ns). From the full 398 trajecto-

ries, 117 (29 %) were reactive, joining reactants to products,
262 (66 %) were non- reactive trajectories linking products to

products, and only a smaller fraction (5 %) were non-reactive
linking reactants to reactants. Note that in some reactive tra-

jectories, after separation of the products, the quantum chemi-
cal calculation did not converge and the simulation stopped

before completion. For simplicity, these incomplete reactive
trajectories have not been considered for the calculation of the
averages below, which has been done using the 98 complete

reactive trajectories. Note also that we have arbitrarily reorgan-
ized the reactive trajectories so that in all cases negative time

(t<0) corresponds to the reactant side while positive time (t>
0) corresponds to the products side; the starting TS configura-
tion designates t = 0. Figure 6 displays a series of snapshots for
one of the reactive trajectories at specific times before and

after activation to the TS. In this case, the reactant CH3Cl is ini-

tially in the air layer. A more detailed analysis of the reactants,
TS and products distribution with respect to the formal inter-

face plane is presented below.
Figure 7 shows the evolution of the reaction coordinate

along the set of the 98 complete reactive trajectories. As
shown, the fate of the system (reactants or products) is in gen-

eral established quickly upon releasing the RC constraint in the

TS at t = 0 in the REA simulations. Indeed, recrossings of the
activation barrier in the simulations occur essentially at very

short-times (below 20 fs) and only one trajectory (clearly seen
in the Figure) exhibited a long time recrossing (at about

450 fs).
Nevertheless, an analysis of the time scale for the chemical

reaction events can hardly be derived from the curves using

the reaction coordinate alone because of the difficulty to un-
ambiguously identify the reactants and products species using

a simple geometrical parameter. To this end, it is far more
useful to look at the time evolution of the electronic properties

in the system. We have selected here the net atomic charge
on the oxygen atom (calculated using the Natural Orbital Anal-

ysis), which as shown hereafter significantly changes along the

reaction coordinate. However, similar conclusions can be

Figure 5. Snapshot of the TS at the air–water interface in the QM/MM simu-
lation S2. The OH moiety of the TS forms hydrogen bonds with the three
water molecules represented by balls and sticks.

Figure 6. Example of reactive trajectory in the S3 simulations using the REA methodology.
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reached using the net charge of the transferred hydrogen

atom, or even the bond indexes of the chemical bonds being

broken or created. Figure 8 shows the instantaneous value of
the net charge on the O atom along the 98 reactive trajecto-

ries. The charge varies on average from @0.50 au in the reac-
tants (OH radical) to @1.02 au in the products (water molecule)

and amounts 0.74 au at the TS (considering the reactive trajec-
tories only). The Figure shows that in the reactant part, some

strong fluctuations of the oxygen charge occur in some trajec-

tories, corresponding to situations in which the OH radical in-

teracts with the H atoms of CH3Cl and the O net atomic
charge increases in absolute value. The average O charge has

been fitted here by a 5-parameter (non-symmetric) generalized
logistic function having the form [Eq. (6)]:

q tð Þ ¼ Aþ B@ A

1þ ve@C t@t0ð Þð Þ
1
=v

ð6Þ

The fit has been made using data in the range t = :0.5 ps.

The corresponding curve and its first and third derivatives are
shown in Figure 9. The different parameters have the following

physical meaning: A and B are the asymptotes at t =@1 and
t = +1, respectively, that is, the initial and final O charges, C

is a dimensionless growth rate, t0 is the time of maximum
growth, and v>0 is a dimensionless asymmetric parameter

that affects near which asymptote maximum growth occurs.
We obtain: A =@0.498 au, B =@1.012 au, C = 185.54, t0 =

0.013 ps and v = 6.062 (c2 = 0.1, R2 = 1.000).

The first derivative of the net oxygen charge with respect to
time, i. e. the charge transfer rate q’(t), provides a suitable as-

sessment for the advancement of the reaction. The reactant-
like nature of the transition structure and the asymmetry of

the process are clearly illustrated by this curve, which in addi-
tion provides an approximate time scale for the process. Thus,

Figure 7. Time evolution of the reaction coordinate Rc for the calculated re-
active trajectories. The origin of time (t = 0) is arbitrarily chosen at the transi-
tion structure, that is, at the initial configuration in the REA formalism. The
bottom Figure shows the curves around the TS at t = 0 (Rc =@0.2 a) in more
detail for a particular subset of 5 trajectories.

Figure 8. Net atomic charge on the O atom along the reactive trajectories
for the process CH3Cl + OH!CH2Cl + H2O.

Figure 9. Top: average net atomic charge on the O atom (full circles) and
fitted generalized logistic function (plain line) along the reactive trajectories
for the process CH3Cl + OH!CH2Cl + H2O. Bottom: first and third derivatives
of the fitted generalized logistic function.
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one can consider that the reaction initiates at around t =

@120 fs, when the O charge begins to increase. At this stage,

about 1 % of the total charge transfer has been done, and the
average value of the reaction coordinate is RC =@1.74 a, corre-

sponding to the formation of an intermolecular complex with
a C@H···OH distance of roughly 2.8 a. From then, the charge

transfer and the charge transfer rate regularly rise until reach-
ing the TS at t = 0 (RC =@0.2 a). During this first part of the re-
action, slightly less than 50 % of the charge transfer has been

accomplished. The transfer rate reaches a maximum (in abso-
lute value) at t0 = + 13 fs, where it amounts @9.79 au ps@1; at
this point RC = + 0.30 a (the breaking CH bond distance is now
longer than the forming OH bond distance) and 72 % of the

total charge has already been transferred. For the next 50 fs,
the rate abruptly decreases to zero so that the charge transfer

is virtually completed at t = 60 fs, where RC = 1.48 a corre-

sponds to the formation of a CP type complex. The much
faster variation of the charge transfer rate after activation to

the TS (0< t<60 fs) is clearly illustrated by the huge values of
the extrema in the q’’’(t) curve, shown in the bottom panel of

Figure 9. To sum up, the total time necessary for the achieve-
ment of the reaction is estimated to 180 fs, and it is character-

ized by two different phases: a first stage of 130 fs during

which one observes a progressive and regular increase of the
charge transfer and transfer rate, and a second one of 50 fs

during which a sharp decrease of the rate takes place.
An important aspect of chemical processes at the air–water

interface needs now to be considered, namely how the reac-
tants, transition structures and products distribute across the

interface. In principle, one can expect some species to prefer

the water layer while others might prefer the air layer, or even
be unstable at the interface. Transition State Theory assumes

solute-solvent equilibrium and strictly speaking, this require-
ment cannot be in general fulfilled for interfacial processes be-

cause the reaction time scale (180 fs in our case) is too short
for the system to equilibrate through diffusion with regard to

its relative position from the formal interface. In other words,

the coordinate Z must be taken into account as a parameter
that potentially can be responsible for non-equilibrium solva-

tion effects on the reaction rate. Figure 10 provides the rele-
vant distributions for the studied reaction and shows that the
largest probability lies in the same region for all the species,
slightly inside the water layer with Z around 8 a and 10 a for
the O and C atoms, respectively. Nevertheless, there is a non-

negligible probability to find the C atom in the air layer, espe-
cially for reactants, which is not surprising after considering
the small residence time of methyl chloride described above.
Indeed, in some trajectories CH3Cl lies clearly in the air layer at

the initial reaction time t =@2.5 ps, as in the case of the trajec-
tory illustrated in Figure 6. On average, the diffusion across the

interface around the reactive events is estimated to be rather

small. To quantify this property, we can look at the mean-
square displacement, which is related to the Einstein expres-

sion for the self-diffusion coefficient [Eq. (7)]:

6Dt ¼ lim
t!1

< r t
0 þ t

E C@ r t0ð ÞE C2
> ð7Þ

Here we focus on the Z-displacement with respect to the ini-
tial position at t = 0 over the 98 trajectories [Eq. (8)]

x2 ¼< Z tð Þ@ Z 0ð Þð Þ2 > ð8Þ

and estimate its value at the end of the trajectory on the reac-
tant or product sides after t = :2.5 ps (using C and O atom co-

ordinates). We obtain 4.4 a2, 3.9 a2, 1.8 a2 and 1.6 a2, for CH3Cl,
CH2Cl, OH and H2O, respectively. The TIP3P self-diffusion coeffi-

cient of H2O molecules in bulk water at 298 K is 5.65 V
10@9 m2 s@1,[34] which leads to a mean-square displacement in
one dimension of 2.8 a2 for t = 2.5 ps that is significantly larger

than the calculated value of x2 for the water product formed
in the reaction at the interface. The diffusion of the species

across the interface is an interesting issue that deserves further
attention but our calculations, despite the limited number of

trajectories considered, provide some qualitative trends. They

suggest a slow diffusion of the species across the interface
compared to the bulk, especially for the hydrophilic ones.

Finally, let us consider the energetics of the reaction at the
interface. The calculation of free energy surfaces at the QM/

MM level is computationally expensive and has not been done
here. Rather, we look at the average potential energies along

Figure 10. Distribution of reactants (full circles), transition structure (trian-
gles) and products (circles) across to the air–water interface. The distribu-
tions of reactants and products are taken at 2.5 ps before and after reaching
the TS, respectively, in the 98 complete reactive trajectories.
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the reaction coordinate and compare them to the potential

energy calculated for the isolated species. The aim is to get in-

sights on the role of QM/MM solute-solvent interaction on the
reaction energy profile. Figure 11 displays the average poten-

tial energy <V(RC)> calculated at the B3LYP and CCSD(T)-cor-
rected levels [Eq. (9)]:

< V RCð Þ >¼< EQM > þ < EQM=MM > ð9Þ

Here, the averages are calculated using the reactive trajecto-

ries, EQM represents the potential energy of the quantum

system (the reactants) and EQM/MM represents the solute-solvent
interaction energy, which contains electrostatic and non-elec-

trostatic interactions. The CCSD(T)-corrected curve is obtained
using the expression [Eq. (10)]:

< VCCSD Tð Þ >a & < VB3LYP >a þ< VCCSD Tð Þ @ V B3LYP >b ð8Þ

where the averages are calculated using the whole set of re-
corded snapshots (a) or a subset of 10 % snapshots (b) for

a specific value of the reaction coordinate :0.05 a.

The B3LYP and CCSD(T)-corrected curves have a similar
shape as the gas-phase energy profile, with the presence of
minima before and after the TS (note however the shallow
double well obtained in the reactants side, which is not neces-
sarily physical and could be due to limited statistical accuracy).

At the CCSD(T) level, the activation energy is 7.6 kcal mol@1,
a little smaller than the activation energy in gas phase at the

same level, 8.4 kcal mol@1, while the reaction energy (or more

precisely, the difference between the reactant and product
complexes) is @17.3 kcal mol@1, slightly larger in absolute value

than the gas-phase result, @15.2 kcal mol@1. These results do
not account for the water reorganization energy, ZPE, thermal

contributions, etc, but they predict a small modification of the
potential energy surface of the chemical system through the

interaction with water. The effect would contribute to slightly
favor the kinetics of the process and its exothermicity.

4. Conclusions

In this paper, we have reported theoretical results for the H-ab-

straction reaction CH3Cl + OH!CH2Cl + H2O, which is an impor-
tant process in the troposphere. Accurate ab initio calculations

in the gas phase have led to the Arrhenius equation k = 2.57 V
10@12 exp(@1303/T[K]) in cm3 molecule@1 s@1, which is in excel-

lent agreement with experimental data and also some previ-
ous theoretical studies. The main aim of our work was to ana-

lyze the dynamics of the process at the air–water interface.

This has been done using combined QM/MM MD simulations
and the rare event approach for sampling the region of the

transition structure and obtaining a representative set of 398
trajectories of 5 ps each. The ratio between reactive and non-

reactive trajectories is close to 30 %, suggesting a significant
dynamic solvation effect. We have shown that the process at

the interface, like in the gas phase, is characterized by a reac-

tant-like transition state and by the formation of pre-reactive
and post-reactive complexes that are associated to minima in

the potential energy surface of the system. Due to the high
computational cost, we were not able to report free energy

surfaces and therefore to make an estimation of the reaction
kinetics and thermodynamics at the interface. However, the

trends in the average potential energy suggest that the solute-

solvent interactions should reduce slightly the activation
energy and increase the exothermicity of the process. The re-

action time has been estimated by means of the time evolu-
tion of the net atomic charge on the O atom. It leads to a reac-

tion time of 180 fs divided into two parts and characterized by
a progressive increase of the charge transfer rate (first 120 fs)

followed a fast decrease of this rate (last 60 fs). The computa-

tional approach implemented in this work paves the way to
future studies of chemical reactions at aqueous interfaces,

a topic that remains poorly understood despite its high rele-
vance in environmental, atmospheric, and even biological

chemistry.
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