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ABSTRACT: Molecular level insight into the interaction between volatile organic
compounds (VOCs) and aerosols is crucial for improvement of atmospheric
chemistry models. In this paper, the interaction between adsorbed toluene, one of the
most significant VOCs in the urban atmosphere, and the aqueous surface of aerosols
was studied by means of combined molecular dynamics simulations and ab initio
quantum chemistry calculations. It is revealed that toluene can be stably adsorbed on
the surface of aqueous droplets via hydroxyl−π hydrogen bonding between the H
atoms of the water molecules and the C atoms in the aromatic ring. Further,
significant modifications on the electrostatic potential map and frontier molecular
orbital are induced by the solvation effect of surface water molecules, which would
affect the reactivity and pathway of the atmospheric photooxidation of toluene. This
study demonstrates that the surface interactions should be taken into consideration in
the atmospheric chemical models on oxidation of aromatics.

■ INTRODUCTION

Aromatic hydrocarbons, emitted from fuel-based vehicles,
solvent, and other various industrial activities, constitute a
significant fraction of the total volatile organic compounds
(VOCs) in urban atmospheres.1−3 According to field measure-
ments, volatile aromatic hydrocarbons constitute up to 30% of
the urban volatile hydrocarbon mixture,4 and benzene, toluene,
xylenes, ethylbenzene, and 1,2,4-trimethylbenzene make up to
more than one-half of them.5 Furthermore, the aromatic
content is dominantly responsible for the secondary organic
aerosol (SOA) forming potential of fuel.1 The atmospheric
oxidations of aromatic hydrocarbons in the atmosphere form
various nonvolatile and semivolatile organic compounds,
playing essential roles in the formation of urban SOAs.6−8

Hence, the atmospheric chemistry of aromatics is vitally
important for understanding the formation of urban SOAs.
Some atmospheric chemistry models have been proposed to

describe the atmospheric oxidation of aromatics,9 which
specifically focus on toluene, one of the most abundant
aromatic VOCs in urban air (in the range from 1 to 200 ppb)
and with the highest aerosol-forming potential among the
aromatic hydrocarbons in gasoline vapors.10 The oxidation of
toluene is initiated with attack from electrophiles such as OH
radicals in the atmosphere.11−13 Previous studies have indicated
that, largely depending on the initial OH radical attacking site, a

variety of ring-opening (e.g., glyoxal and methylglyoxal) and
ring-retaining (e.g., benzaldehyde and cresol) products with
different aerosol-forming potentials are generated in the
oxidation of aromatic VOCs.14,15

Previous studies indicate that the aqueous surfaces of
aerosols offer a favorable place for some important atmospheric
reactions including oxidation of VOCs,16−20 partially due to the
great affinity toward the air/water interface of some organic
compounds in the atmosphere and the modification on the
electronic structure induced by interfacial interaction.21−25

Although aromatic molecules are typically classified as hydro-
phobic, some experimental and theoretical investigations imply
that the polarizability of the π-electron cloud admits the
possibility of hydration at the ring surface interacting with
heteroatoms.26 For the benzene−water complex, a typical
aromatic−water system, a clear manifestation of hydroxyl−π
hydrogen bonding has been presented.26−31 However, the
detailed information on the adsorption of atmospheric aromatic
molecules with alkyl groups, such as toluene, xylenes,
ethylbenzene, and 1,2,4-trimethylbenzene which are domi-
nantly responsible for the SOA formation, remain unclear. The
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hydrophobic hydration of toluene can serve as a model for
many atmospheric aromatics containing delocalized π-electron
and alkyl group systems.
Although much experimental research focused on chemistry

at the air/water interface,16,19,21,22 some molecular level
information on the interface interaction, such as adsorption
orientation and electronic structure modification, can hardly be
fetched via current experiment techniques. On the other hand,
theoretical methods, including quantum chemistry calculation,
molecular dynamics (MD), and Mont Carlo (MC) simulation,
are increasingly utilized to understand the air/water interface
interaction and reaction mechanisms in the molecular scale.32,33

Here, MD simulations and ab initio quantum chemistry
calculations were combined to provide a molecular level insight
into the mechanism of the interaction between toluene and the
aqueous surface of aerosols.

■ METHODS

MD Simulations. The classical MD simulations aimed at
obtaining the distribution, orientation, and free energy profile
of toluene at the interface between small water droplets and air.
Molecular dynamics calculations have been performed at 298 K
in the NVT ensemble, with the temperature being controlled
by a Nose−́Hoover thermostat.34,35 All the bonding and
nonbonding interactions were described by the consistent-
valence force field (CVFF).36 This approach has been
successfully used in a previous MD study of hydroxyl−π
bonding interaction between benzene and liquid water28 and
has been validated by comparing the ab initio calculated
geometries to the experimental structures for benzene−
water28,31 and benzene−phenol clusters.37 The atomic
positions were propagated using the velocity-Verlet algorithm
with a time step of 0.5 fs. The length of the time step has been
tested to be sure to produce a sufficiently accurate trajectory for
this system with the least computation costs. The first step of
the MD simulation research was to obtain a pure spherical
water droplet with a diameter of about 30 Å. Initially 512 water
molecules were placed on a uniform 8 × 8 × 8 cubic grid. The
distance between nearest water molecules is 1 Å. Then, the
cubic water cluster was equilibrated at a temperature of 298 K
for 200 ps. The fully relaxed spherical water droplet is shown in
Figure 1. Next, a toluene molecule was attached on the surface
of the prerelaxed water droplet and unconstrained trajectories
of 2.5 ns were carried out at 298 K. The Gibbs free energy
profile upon toluene reaching the interface was computed using
the umbrella sampling38 and weighted histogram analysis
method (WHAM).38 The reaction coordinate was taken as
the distance between the mass centers of the toluene molecule

and the water droplet, whose mass center was set as 0 in the
reaction coordinate. The reaction coordinate varied from 24 to
14 Å by steps of 0.5 Å, and the bias potential force constant was
set to 10 kcal·mol−1·Å2. The trajectory at each point of the
reaction coordinate was carried out for 2.0 ns after full
thermalization of 0.5 ns.

Ab Initio Geometry Optimization and Electronic
Property Calculations. The second-order Møller−Plesset
perturbation (MP2)39 method was employed for the geometry
optimizations and electronic property calculations of the
toluene−water complex, because it has, in large part, remedied
the limitation of the HF and Kohn−Sham DFT in describing
the long-range nonbonded interaction involving electron
correlation, which dominates hydroxyl−π hydrogen bonding
between aromatics and water.31,40 Since diffuse functions are
important for a precise long-range description of weakly
interacting systems, the aug-cc-pVTZ basis set is adopted.40 A
toluene−water complex model was built to understand the
nature of the hydroxyl−π hydrogen bonding interaction
between toluene and the aqueous surface. The geometry
optimizations of the toluene−water complex and electronic
property calculations, including the reduced electron density
gradient (RDG),41 ESP surfaces, and frontier molecular orbital,
were all performed with the Gaussian 0942 program package.

■ RESULTS AND DISCUSSION
Although toluene is usually regarded as a typical hydrophobic
molecule, experimental and theoretical research has implied
that hydroxyl−π hydrogen bonding, analogous to regular
hydrogen bonding, could form between the aromatic ring and
the OH group, with energetic benefit of approximately 1 kcal·
mol−1.26−31 Indeed, the geometry optimization with the MP2
method demonstrates a stable configuration of the toluene−
water complex, displayed in Figure 2a. The bond length of the
hydroxyl−π hydrogen bond in the optimized configuration is

Figure 1. Snapshot of the fully relaxed droplet consisting of 512 water
molecules at T = 298 K.

Figure 2. (a) The MP2-optimized configuration of the toluene−water
complex and RDG isosurface around the hydroxyl−π hydrogen bond.
The distance between the nearest interacting water H and toluene C
atoms is also shown. (b) RDF for the hydroxyl−π bonding between H
atoms of water and C atoms at the ortho-positions of toluene. The
inset is the configuration of the toluene−water complex optimized
with MP2. (c) The contour for the distribution of the neighboring
hydrogen atoms’ projection onto the aromatic plane. The inset is the
MP2-optimized configuration of the toluene−water complex, in which
the neighboring hydrogen atoms’ projection is labeled with a solid
pink circle in the aromatic plane.
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2.483 Å. Moreover, the reduced electron density gradient
(RDG) isosurface lying between the interacting C atom of the
toluene and the H atom of water also indicates noncovalent
attractive interaction.41 In addition, the structural information
on the hydroxyl−π hydrogen bond is also extracted from the
40 000 snapshots of the unconstrained MD trajectory. Since the
MD simulation is actually random walking around stable
configurations in the potential energy surface, the probability
distributions of some geometry parameters can be used to
reveal the structure of the hydroxyl−π hydrogen bond. The
contour for the spatial distribution of the closely (distance ≤2.9
Å) interacting hydrogen atom projection onto the plane of the
aromatic ring is shown in Figure 2c. The projection (labeled as
a solid pink circle) of the hydrogen atom involved in the
hydroxyl−π hydrogen bonding in the MP2 optimized
configuration is also displayed for comparison. It is clear that
the H atom projection in the MP2 optimized toluene−water
complex is just on the center of the highest probability region
of the MD simulation results. Moreover, the radial distribution
function (RDF) calculated from MD simulations (Figure 2b)
demonstrates the formation of a C (toluene)−H (water) bond
at about 2.50 Å from the carbon in the aromatic ring, which is
consistent with the MP2 calculated value equal to 2.483 Å. The
good agreements in geometries (including spatial and radial
distributions of the hydroxyl−π bonding) of the MD and ab
initio results indicate that MD simulation with a classical force
field could well describe the long-range interaction between
aromatics and water. This can be interpreted by the fact that
the hydroxyl−π hydrogen bonding involves dispersion-like
attraction, electrostatic interaction, polarization, and charge
transfer, and the binding energy is dominated by the dispersion-
like interaction, which is included in empirical potential MD

simulation but underestimated in the HF and Kohn−Sham
DFT methods.43 Similarly, Jaebeom Han and co-workers also
demonstrated that, for the benzene−phenol system, the
classical potential MD simulations are in good accord with
CCSD(T)/CBS, the highest level of the quantum chemistry
electronic structure calculations.37

Due to the hydroxyl−π hydrogen bond between toluene and
the aqueous surface, the toluene molecule moved around the
interface of the water droplet within a layer of approximately 4
Å, as shown by the molecular density profiles in Figure 3a. The
hydroxyl−π hydrogen bonds formed between the C atoms in
the aromatic ring and the H atoms at the water droplet
interface contribute to lowering the energy of the system,
whereas the interaction between the hydrophobic methyl group
and the aqueous surface will induce an energy increase. On the
extremely curved surface of small aerosols, it is possible for the
C atom in the aromatic ring to be associated with the aqueous
surface and for the hydrophobic methyl group to be apart from
the surface, resulting in an overall reduction in the free energy.
Accordingly, the Gibbs free energy profile upon reaching the
interface in Figure 3b exhibits a minimum at the interface area
about 16.5 Å from the mass center of the water droplet,
responding to the stable adsorbed state. The Gibbs free energy
difference between the interface and the gas phase was
estimated to be approximately 0.5 kcal·mol−1, in rough
agreement with the hydrogen bonding energy of the
toluene−water complex predicted by the MP2 method in this
work (0.43 kcal·mol−1) and previously reported hydrate energy
in the toluene−water (0.89 kcal·mol−1)44 and toluene−phenol
systems (0.54 kcal·mol−1).45 For the Gibbs free energy profile,
the decrease of free energy from 20.0 to 16.5 Å indicates the
formation of a hydroxyl−π hydrogen bond and the increase

Figure 3. (a) Molecular densities of the centers of mass of water (green line) and toluene (red line) from the MD simulation. (b) Gibbs free energy
profile around the air/water droplet interface, and the molecular density of water was also plotted to illustrate the interface area. R = 0 corresponds to
the center of mass of the water droplet in both parts a and b.

Figure 4. Toluene−water radial distribution functions at the water droplets calculated from MD simulation. (a) The RDFs for the hydroxyl−π
bonding between H atoms of water and C atoms (C···H, black line) and between O atoms of water and C atoms (C···O, red line). The ball-and-stick
model demonstrates the preferred orientation of the water molecules in the nearest hydration shell. (b) RDF for the hydroxyl−π bonding between H
atoms of water and C atoms at the ortho- (oh, black line), meta- (mh, red line), and para- (ph, blue line) positions of toluene. The inset in part b
gives the amplificatory RDFs for the hydroxyl−π bonding interactions.
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after 16.0 Å is due to the increase of entropy and the repulsive
interaction between water and methyl group.
The distributions of C···H and C···O distances between

toluene and water were measured for investigation into the
solvation shell. The gCO(r) and gCH(r) distributions for water
and toluene interactions are shown in Figure 4a. In the RDF
curve of gCO(r), a pronounced peak is located at about 3.7 Å,
which corresponds to the O atoms of water in the first aqueous
solvation shell. Meanwhile, for the gCH(r) curve, the peak
corresponding to the first aqueous solvation shell is shifted into
two shoulder peaks around 2.5 and 3.7 Å, corresponding to the
hydroxyl−π hydrogen bonded H atom and the H atoms which
do not form a hydroxyl−π hydrogen bond with toluene,
respectively. The difference between the locations of the first
coordination peaks of hydroxyl−π hydrogen bonded O and H
atoms in RDF curves indicates a high orientation of the water
molecules within the first aqueous solvation shell. If the
orientation of water molecules is random, the peaks of the first
C···H and C···O coordination shells should be in identical
locations (both at 3.7 Å). Instead, the results imply that the O−
H bonds of the water molecules in the solution shell prefer
pointing toward the C atoms in the aromatic ring, confirming
the formation of the hydroxyl−π hydrogen bond, as shown in
Figure 4a. Similar behavior was also observed in the aromatics
in bulk solution.26−28

The RDF curves for the C atoms of toluene at the meta-,
para-, and ortho-positions and the H atoms of water in Figure
4b all exhibit the first peak around approximately 2.50 Å (peak
A), which corresponds to the hydroxyl−π hydrogen bonding. It
is worth noting that the g(r) value of the hydroxyl−π hydrogen
bonding of the C atoms at the ortho-positions is significantly
higher than those of the C atoms at the meta- and para-
positions, indicating a higher potential of hydroxyl−π hydrogen
bonding of the C atoms at the ortho-positions. In the
coordination peak at around 3.70 Å (peak B) for C atoms
and the unbonded H atoms of water in the first aqueous
solvation shell, the ortho-positions have the lowest intensity,
indicating the least density of unbonded H atoms around the
ortho-positions. This could arise from the steric effect of the
hydrophobic methyl group, which pushes the highly charged
unbonded H atoms of water away. The C atoms at the ortho-
positions are much closer to the methyl group than those at the
meta- and para-positions. Hence, the steric effect’s influence at
the ortho-positions is the most significant. In addition, in the
MP2 optimized toluene−water complex, the unbonded H atom
also stays away from the methyl group (Figure 2a). These
results allow it to be concluded that the hydroxyl−π hydrogen
bonding at the first solvation shell is much more likely to be

formed between the C atoms at the ortho-positions and the H
atoms of water, which may arise from the high electronegativity
at the ortho-positions; meanwhile, the steric effect of the
hydrophobic methyl group also plays an important role in the
configuration of the hydroxyl−π hydrogen bond.
As shown by the angular distribution of toluene at the air/

water droplet interface in Figure 5, the orientation of toluene
molecules with respect to the air/water interface was sampled
from the MD simulation trajectory. In agreement with the
orientational preference at the aqueous surfaces observed by
Vaćha,46 a clear orientational preference is also observed in our
MD trajectories. The orientation of the toluene at the interface
can be described with two angles. As displayed in Figure 5a, the
X-axis is defined as the axis connecting the center of mass of the
toluene molecule and the C atom in the methyl group; the Y-
axis is defined as the axis that is perpendicular to the benzene
ring; and the Z-axis is defined as the axis connecting the center
of mass of the toluene molecule and the center of mass of the
entire water droplet. The orientation of the toluene molecule is
determined by the θ angle, formed between the Z-axis and the
X-axis, and the γ angle, formed between the Z-axis and the Y-
axis. The probability distributions of the θ and γ angles are
displayed as a pseudocolor map in Figure 5b. Unlike the flat
lying of the single benzene molecule in the water slab surface,46

in our simulation, most of the snapshots are located in the
narrow region where the θ angle is between 120 and 140° and
the γ angle is between 30 and 50°. For the most favorable
position, the toluene is positioned in an inclined manner on the
aqueous surface with the meta-, ortho-, and para-positions on
the same edge contacting the surface and the methyl group is
apart from the aqueous surface. As revealed by the RDF results,
the configuration of the hydroxyl−π hydrogen bonded toluene
and water is affected by hydroxyl−π hydrogen bonding which
pulls the H atom of the interacting water molecules to the C
atoms in the aromatic ring and the hydrophobic force which
pushes the methyl group away from the water molecule. The
orientation of toluene at the droplet surface results from the
balance of these two effects. The orientation of toluene at the
droplet surface results from the balance of these two effects.
It is well-known that the solvation effects of neighboring

water molecules could influence the electronic properties of the
solute and hence modify its chemical reactivity. Multiple
methods including ESP surface and frontier molecular orbit
analysis were employed to discover the chemistry modification
on toluene from the hydroxyl−π hydrogen bonded water
molecule.
The ESP on the molecular surface is an effective means to

analyze and predict noncovalent interactions, such as hydrogen

Figure 5. Angular distribution of toluene at the air/water droplet interface.
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bonding.47,48 The ESP surfaces of toluene in the gas phase and
toluene−water complex are displayed in Table 1. For both the

free toluene molecule and the toluene−water complex, there is
a region of negative surface potential above and below the ring,
arising from the π electrons. However, for the toluene−water
complex, an overall shift toward positive on the ESP of the
aromatic ring is clearly present, which identifies the electron
donor of toluene in the hydroxyl−π hydrogen bonding. A more
important modification is the distribution of the local minimum
of ESP because the electrophilic attacking usually take place on
the site of the local ESP minimums. For the free toluene, the
local minimum of ESP almost evenly distributed on the C
atoms of the aromatic ring. However, the local minimum of
ESP is located around a C atom on the meta-position that is
close to the interacting water molecule. The ESP analysis
elucidates a marked modification on the ESP of toluene is
induced by the hydroxyl−π hydrogen bonding.
In addition, the modification on the chemical properties from

interface solvation effects was analyzed by looking at the energy
variation of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), which
determine the potential of bond formation. From Table 1, the
orbital gap for the toluene−water model (9.808 eV) is larger
than that of the isolated toluene molecule (9.625 eV). The
orbital energy of the toluene−water model is influenced by the
presence of the water solvent. The uptake process produces a
slight decrease of the HOMO and LUMO frontier orbital
energies as expected from simple considerations of solvation,
predicting enhancement of thermodynamic stability for the
toluene at the aqueous surface. Moreover, the molecular orbital
diagram could offer a qualitative picture to speculate the
reactivity of solvated toluene at the surface with radicals. Figure
6 displays a comparison of HOMO and LUMO energies for
OH radical and toluene as a function of the molecular

environment, free and in toluene−water complex. The interface
solvation effects on the HOMO and LUMO energies lead to
variation in the electron donor−acceptor capability of the
toluene. It is expected that the electron transfer from toluene in
the complex to OH might require a higher activation energy
than that in the gas phase because the corresponding HOMO
(toluene−water complex)−LUMO (OH) gap increases by
about 0.3 eV. The acceptor−donor energy difference is the
dominant factor determining the overall reactivity of a
molecule. It indicates that the oxidation of toluene at the air/
water interface initiated by OH attacking is depressed by
modification on the electronic structure from hydroxyl−π
hydrogen bonding, in good accordance with the ESP analysis.

■ CONCLUSIONS
In summary, our study based on a combination of MD
simulation and ab initio calculations reveals a molecular level
mechanism of the interfacial interaction of toluene and the
aqueous surface of aerosols. The results demonstrate that the
adsorption of toluene at the air/water interface is dominated by
hydroxyl−π hydrogen bonding and the orientation preference
is induced by the competition between the heterogeneous
attractive interaction of hydroxyl−π hydrogen bonding and the
steric effect of the hydrophobic methyl group. Detailed
electronic structure calculation on the toluene−water complex
reveals that the hydroxyl−π hydrogen bonding induces
modification on the distribution of ESP on the molecular
surface and on the molecular orbits. The modification could
alter the attacking site and reactivity of OH electrophilic
addition, and further influence the final products of photo-
oxidation and SOA-forming potential. This research shows that
the hydroxyl−π hydrogen bonding between aromatics and the
aqueous surface of aerosols could induce a marked modification
on the chemical properties of aromatics, which should be
included in the atmospheric chemistry models of photo-
oxidation of aromatics. On the other hand, it should be noticed
that the above ab initio calculation only reveals the electronic
modification induced by the hydroxyl−π hydrogen bonding in
the toluene−water complex and other interfacial effects were
not covered. The overall electronic modification induced by the
aqueous interface would need to be further studied with
sophisticated quantum chemistry methods or QM/MM
approaches adapted for large scale systems.

Table 1. Configuration of the Toluene Molecule and
Toluene−Water Complex Optimized at the MP2/aug-cc-
pVTZ Level, Electrostatic Potential Map at the 0.001
Electron au Density Isosurface,a and Energies (eV) of the
HOMO, LUMO, and HOMO−LUMO Gap

aThe electrostatic potential surfaces are scaled from 15.367 kcal mol−1

(red) to 13.178 kcal mol−1 (blue).

Figure 6. Calculated HOMO and LUMO orbital diagram of the
toluene−water complex (red line) and OH radical (black line and blue
line). The HOMO of toluene in the gas phase is also plotted for
comparison (green line).
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