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ABSTRACT: The surface−bulk partitioning of small saccharide and amide molecules in
aqueous droplets was investigated using molecular dynamics. The air−particle interface was
modeled using a 80 Å cubic water box containing a series of organic molecules and surrounded
by gaseous OH radicals. The properties of the organic solutes within the interface and the
water bulk were examined at a molecular level using density profiles and radial pair distribution
functions. Molecules containing only polar functional groups such as urea and glucose are
found predominantly in the water bulk, forming an exclusion layer near the water surface.
Substitution of a single polar group by an alkyl group in sugars and amides leads to the
migration of the molecule toward the interface. Within the first 2 nm from the water surface,
surface-active solutes lose their rotational freedom and adopt a preferred orientation with the
alkyl group pointing toward the surface. The di!erent packing within the interface leads to
di!erent solvation shell structures and enhanced interaction between the organic molecules and
absorbed OH radicals. The simulations provide quantitative information about the dimension,
composition, and organization of the air−water interface as well as about the nonreactive interaction of the OH radicals with the
organic solutes. It suggests that increased concentrations, preferred orientations, and decreased solvation near the air−water surface
may lead to di!erences in reactivities between surface-active and surface-inactive molecules. The results are important to explain how
heterogeneous oxidation mechanisms and kinetics within interfaces may di!er from those of the bulk.

1. INTRODUCTION
Aqueous aerosols are known to control cloud nucleation1−4

and to a!ect the climate, air quality, and human health.5−8 A
complete understanding of their role in atmospheric
phenomena remains challenging as the properties of nano-
metric aqueous particles di!er greatly from those of a bulk
solution.9−13 The chemical evolution of atmospheric aerosols
as well as their ability to initiate cloud formation is mostly
controlled by the properties of the gas−water interface.2,14
Phenomena such as microconfinement,11 high surface electric
field,15 preferred molecular orientation,12,14,16,17 and lower
water densities at the interface18,19 a!ect reaction rates10,20 and
photochemical processes,12 thus enhancing certain reaction
channels while suppressing others.21−25 Because atmospheric
aerosols contain a wide range of solutes, it has become
important to improve our understanding of how chemical
composition changes surface reactivity.26
The presence of several organic compounds in aqueous

aerosols results in the formation of coexisting liquid phases
within the same aerosol.27−31 In the case of water-miscible
organic solutes, the core of the liquid particle, hereafter
referred to as the particle bulk, acts as an infinite chemical

reservoir for the outer phase. When di!usion is not the rate
limiting step, thermodynamic equilibrium is reached and the
composition of the air−water interface is governed by the
surface−bulk partitioning properties of the solutes.13,32,33
Surfactants with long alkyl chains have been detected in
atmospheric aerosols and are known to accumulate at the
surface.3,34,35 Smaller, more hydrophilic molecules and ions
also display surface−bulk partitioning leading to a solute
concentration gradient close to the air−water interface.13,36,37
Surface active molecule moves to the interface, decreasing the
surface tension,38,39 while surface inactive molecules are
excluded from it, leading to an increase of the surface
tension.33 The changes in surface tension in atmospheric
aerosols a!ect natural processes, especially cloud nuclea-
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tion.40,41 A molecular-level understanding of the properties of
the interface is required to fully understand the fundamental
processes governing the chemical evolution of aerosols.
Surfactants at the air−water interface orient themselves with

the hydrophobic chain toward the gas phase, thus forming an
outer molecular layer at high concentrations.39 Preferred
molecular orientation near the air−water interface is also
observed using surface-specific electronic sum frequency
scattering (SFS) for smaller organic solutes such as alcohols,42
hexafluoro-2-propanol,43 and more recently for malachite
green and propionic acid.16,44 Molecular orientation is
known to have an e!ect on photochemical activity45,46 and is
also likely to a!ect reactivity by making certain organic
functional groups more or less available to surface reactive
species. Although the orientation of molecules at the air−water
surface may appear to be intuitive, the extent of the molecular
alignment and the size of the interfacial area have been
investigated only for a limited number of solutes, and their
e!ects on reactivity remain mostly unquantified.
MD has been extensively used to investigate the orientation

of molecules near the air−water interface for specific solutes at
varying concentrations.12,14,47−56 It is generally observed that
alkyl groups will orient toward the surface due to their
nonpolar hydrophobic nature,57,58 with varying angles relative
to the water surface.48,52,59 For example, surface-adsorbed
small brominated halomethanes are preferentially oriented
with the carbon atom adsorbed on the water surface,47,48 while
halocarbons with longer nonpolar hydrocarbon chains are
found to be have a parallel alignment at the water surface.48
Similarly, acetonitrile is found to lie nearly flat at the water
surface.52,59 Ab initio quantum-mechanical molecular dynamic
simulations (QM/MM) have been performed to specifically
investigate the e!ect of solute confinements in aerosols.12,14
The photosensitizer, imidazole-2-carboxaldehyde, is found to
orient at the water surface and to have di!erent absorption
cross sections and spin orbit constants in the bulk or within the
interface. Such studies highlight the strength of MD
simulations for investigating interfaces as well as for explaining
observed aerosol-specific chemical reactivity.
Solvation is also known to a!ect and modulate reactivity of

organic solutes and radicals,25,60−63 and MD simulations can
provide a molecular level picture of the solvation
sphere.19,64−67 For example, the photodissociation of phenol
in water has been shown to be 104 faster at the water surface
than in the bulk.18 Recent MD simulations coupled to
quantum calculations showed that the interfacial process is
accelerated due to a lower dissociation barrier from incomplete
hydrogen bonding to phenol at the air−water interface.19
Water is also shown to stabilize the transition state for
abstraction of a hydrogen atom from a solute leading to faster
reaction compared to nonpolar solvants.62 Interfacial solvation
and molecular orientations are di"cult to probe experimen-
tally, especially because SFS techniques remain insensitive to
molecules with lower surface density and higher orientational
disorder.42 Classical and ab initio MD methods are therefore
required to gain the required molecular-level understanding of
the surface properties.
In the atmosphere, the OH radical is one of the most

abundant oxidizer.68 MD simulations have shown that the
radical absorbs at the water surface and partitions between the
bulk and the surface with an enhanced surface concen-
tration.69−74 The preference of the OH radical for the air−
water interface can be compared to the radical predicted

di!usion−reaction length (∼1−2 nm)75−78 under reactive
conditions. Both suggest that the initiation step of the
heterogeneous oxidation predominantly takes place within
the interface. Several studies have also looked at the solvation
of the OH radical.62,63,79−85 A di!erent solvation of the radical
and solute near the interface could explain enhanced surface
rate coe"cients24 and changes in oxidative chemical scheme.
Overall, the reaction within the air−water interface will be
governed by an interplay of the solute concentration gradients,
the reactant solvation, and the molecular orientations. For all
these reasons, surface active molecules are more likely to react
with the OH radical while surface inactive molecules may be
shielded from oxidation. A better understanding of the
chemical evolution of multicomponent aqueous aerosols
under atmospheric conditions therefore requires a systematic
study of the behavior of a wide range of molecules within the
air−water interface.
Atmospheric aerosols contain a wide range of solutes with

di!erent organic functional groups. In multicomponent
particles, even though the solutes are dilute enough to neglect
intermolecular interactions, concentration gradients near the
surface lead to solute reactive uptake coe"cients that are
di!erent from those observed in a single component particle.32
A better understanding of the e!ect of composition on the
chemical fate of aerosols under oxidative conditions therefore
requires a systematic investigation of the e!ect of the organic
functional groups on heterogeneous reactivity. Amides and
saccharides are good archetypal molecules for investigating
such e!ects as they display a very wide range of partitioning
properties. Table 1 displays the chemical structures of a series

of amides and saccharides. When available, it also displays the
partition coe"cient Kp.13,33 A value lower than unity is
characteristic of a surface inactive molecule with a preference
for the water bulk. The concentration of the solute near the
water surface is quasi-null for Kp close to 0 13,33 and increases
as Kp increases. Glucose, methyl β-D-glucopyranoside (MGP),
and urea are considered as surface inactive, while acetamide
and propionamide are surface active. The solvation of amides
has been extensively studied both experimentally by means of

Table 1. Names, Structures, and Partition Coe!cients for
the Organic Solutes Used in the MD Studies
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various spectroscopic techniques8,86−100 and theoretically by
Monte Carlo simulations101,102 and MD methods.103−111 The
hydrophobic and hydrophilic nature of amides influences the
amide−water interaction and the properties of the water
solvation shells around the molecule.112−115 Similarly, there are
a large number of studies on the solvation of saccharides
showing their preference for the water phase.116−122 Although
sugars are not expected to partition toward the surface, they
were suggested to have an enhanced reactivity toward
phosphorylation at the air−water interface of microdroplets.17
A more systematic investigation of organic solute behavior at
the interface is therefore required to fully discriminate between
surface reactivity and other competing processes.123,124
In this study, classical MD is used to investigate the surface

properties of series of saccharides and amides (see Table 1), as
well as their e!ect on the OH−solute interaction near the
surface. The interface of aqueous particles is simulated using a
80 Å cubic water box surrounded by OH radicals in the gas
phase. Although the model is oversimplistic and does not
include reactive interactions, it still provides molecular-level
information about the solutes’ surface properties and radical−
solute interactions. The size of the simulation box allows for
the comparison of the solute behaviors between the bulk and
the interface as well as the sizing of the interfacial region.
Surface active molecules are found to migrate to the interface
and to systematically orient with the alkyl group pointing
toward the water surface. The molecules regain full rotational
freedom 2 nm away from the surface. The structure of the
solvation sphere is also found to change considerably at the
interface. Glucose and urea are confined to the bulk with no
preferred orientation. MGP is found to be amphipathic with
low surface concentration but still adopting a preferred
orientation near the surface. The concertation gradient, the
molecular orientation, and the tighter OH−solute interactions
near the surface all suggest a di!erent reactivity when
molecules are confined to the interface. The computational
study establishes trends to better understand the di!erent of
reactivity observed in multicomponent aqueous particles. The
results, together with known bulk reaction mechanisms for
saccharides and amides,125−128 are used to discuss the OH-
initiated oxidation of particles containing several solutes with
di!erent partitioning properties.

2. METHODS
2.1. Molecular Dynamics. The simulation method and

model setup are taken from previous studies on similar
systems.52,69 The air−particle interface was modeled using a 80
× 80 × 80 Å3 simulation box filled with 13 333 water
molecules and 14 or 240 organic molecules. This corresponds
to a nominal solute mole fraction of 1.0 × 10−3 or 18 × 10−3

(concentrations of 0.06 or 1.0 mol L−1, respectively). The
water box was surrounded on both sides along the z-axis by 80
Å vacuum boxes filled with a total of 40 OH radicals (see
Figure 1), resulting in an overall 80 × 80 × 240 Å3

system.129,130 The OH radical mole fraction is 0.003, which
is twice lower than that used in previous MD investigations.69
Vacuum was used instead of air as the number of nitrogen and
oxygen molecules would be negligible within the considered
volume.129,131 This volume is hereafter referred to as air. The
240 organic molecules in the water box were made up of urea,
glucose, methyl β-D-glucopyranoside (MGP), propionamide,
or acetamide. Solute mixtures were also investigated using an
equal number of either urea and MGP, propionamide and

acetamide, or acetamide and MGP. Water was modeled with
the rigid three-charge three-site TIP3P model including
Lennard-Jones interaction on all atoms.132,133 The OH radical
model was based on previous models available in the
literature.69 The OH radical permanent dipole was modeled
using a −0.32e partial charge on the oxygen atom and a +0.32e
partial charge on the hydrogen, with e the elementary charge.
The O−H bond length was set to 0.97 Å and the bond energy
to 545 kcal mol−1 Å−2. The Lennard-Jones parameters on the
atoms were adopted from the hydroxide ion model.69,134 The
urea, propionamide, and acetamide geometry and interaction
parameters were taken from the CHARMM 36 force field. In
the case of MGP these parameters were adopted from D-
glucose with methyl patch parameters from the CHARMM 36
force field.135,136 Nonbonding forces used a cuto! of 12 Å, and
electrostatic interactions were modeled using the particle mesh
Ewald method.137,138 All simulations were performed using the
NAMD 2 package, version 2.14.139
The organic molecules were randomly placed in the

simulation box using PACKMOL140 followed by the OH
radicals on either side of the box periodic boundary conditions.
The water molecules were added last to the simulation box
using the VMD program solvation plugin.141 A constant NPT
(constant number of particles, pressure, and temperature)
preliminary run with 5000 minimization steps was run first
with a 1 fs time step. The pressure and temperature were kept
constant at 1 atm and 298 K, respectively, using a Langevin
barostat and thermostat with the damping coe"cient set to 1/
ps.142 During this initial simulation, the hydroxide radicals
were held in fixed positions using fixed atom parameters.
The initial production run outcome from the NPT ensemble

was used as the starting point for the final NVT ensemble
(constant number of particles, volume, and temperature). A
constant-NVT equilibration run was performed for 5 ns,
followed by a 110 ns constant-NVT production run, all with a
time step of 1 fs. The constraints on the OH radicals from the
initial production run were removed, and lateral pressure
calculation parameters were added to enable the calculation of
surface tension.129,143 Five independent production runs with
di!erent organic molecule initial coordinates were performed
to account for the e!ect of starting conformations on the final
simulation results. Figure S1 displays the bulk and interfacial
mole fractions of MGP and acetamide as a function of
simulation time. The constant mole fractions at long time are
evidence that the simulation has converged. The data displayed

Figure 1. Initial water-box configuration of the constant NVT
simulation cell.
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below are from a single production run and are representative
of the outcomes of all five independent runs.
2.2. Data analysis. Density profiles ρ of a species along the

z-axis were determined using the density profile tool in the
VMD program.144 The modeled volume was divided into
equally sized slabs along the z axis of thickness Δz. The density
profile of a property pi for an atom indexed i was calculated
using eq 1:

L L z z p( ) ( )n x y
i

n i i
1

atom

=
(1)

where n is the slab integer, Lx and Ly are the sides of the
periodic cell, and δn(zi) is the indicator function which is unity
if the coordinate zi is within the slab volume and zero
otherwise.144
Radial pair distribution functions (RDF) g(r) were

calculated using the RDF tool in VMD. The tool calculates
the spherical atomic radial distribution function g(r) between
the coordinates of two selected atoms over a given trajectory.
The RDF calculations are performed within the full simulation
box as well as within the liquid bulk center and the interfacial
regions.145 RDFs for each atom and molecule pair are
histogrammed into 240 bins from a distance 0−24 Å (twice
the maximum force cut o! distance). The RDFs between
di!erent atom pairs and molecule pairs give a depiction of
molecular arrangements and microstructure in the di!erent
regions of our simulation.

Surface tension values γ were calculated using the
mechanical definition of the atomic pressure. Surface tension
is defined in terms of the di!erence between the normal (z-
direction) and lateral components of the pressure tensor. For
this study in which a simulation cell of length LZ (=3L)
contains two surfaces, γ can be expressed using eq 2:

P P P z1
2

0.5( ) d
L

ZZ XX YY
0

Z= [ + ]
(2)

where PXX, PYY, and PZZ are the three diagonal components of
the pressure tensor along the x, y, and zdirections,
respectively.129

3. MODEL VALIDATION
The validity of the model to predict the behavior of organic
molecules at the air−water interface was verified by calculating
self-di!usion coe"cients and the bulk water density, examining
water and OH radial density functions, and examining trends
in calculated surface tensions. All the results presented below
are for a nominal solute mole fraction of 18 × 10−3. The self-
di!usion coe"cients D of water and glucose were estimated
from mean square displacement (MSD) using Einstein’s
relation:146

D
r t r

t
lim

( ) (0)
6t

2
= [ ]

(3)

Table 2. Simulated and Experimental Water Bulk Di"usion Coe!cients (D) and Specific Density (ρ) at Di"erent
Temperatures (T) and Total Number of Water Molecules Used in the Simulations (N)

method ref T (K) D (10−9 m2 s−1) ρ (g cm−3) N
TIP3P Present study 298 4.91(0.21) 0.998 13676
TIP3P van der Spoel et al.149 301(4.4) 5.40(0.14) 1.001 820
TIP3P Mark and Nilsson150 297.0(0.9) 5.60(0.08) 0.998 901
TIP3P Mahoney and Jorgensen151 298.15 5.19(0.08) 0.993 267
TIP3P Wu et al.152 298.16 5.30 0.986 216
TIP3P Vega and De Miguel153 298 5.51 360
TIP3P Wang and Hou154 298 2.98 624
TIP3P Leontyev and Stuchebrukhov155 298.15 6.10 0.9986 2048
TIP3P Chen et al.156 298.15 5.06 256
TIP3P Yu et al.157 298.15 6.14 1.008 2100
TIP3P Braun et al.158 298.15 5.50 0.98
Exp Holz et al.159 298 2.30
Exp Price and Brooks160 298 0.997

Table 3. Comparison of Simulated and Experimental Water Oxygen−Oxygen and Oxygen−Hydrogen Pair Distribution
Functions (g)

Oxygen−Oxygen
ref first maximum second maximum third maximum

method oxygen−oxygen position (Å) gOO position (Å) gOO position (Å) gOO

TIP3P Present study 2.75 2.68 4.55 1.00 6.85 1.02
TIP3P Mark and Nilsson150 2.77 2.67 4.50 0.99 6.84 1.02
Exp Soper and Phillips162 2.88 3.09 4.50 1.14 6.73 1.07

Oxygen−Hydrogen
ref first maximum second maximum

method oxygen−hydrogen position (Å) gOH position (Å) gOH

TIP3P Present study 1.85 1.27 3.25 1.44
TIP3P Mark and Nilsson150 1.83 1.24 3.22 1.44
Exp Soper and Phillips162 1.85 1.38 3.30 1.60
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where t is time, and [r(t) − r(0) ]2 is the mean square
displacement.147 The bulk density ρ of water is calculated
using the following relation:

Mn
N V

res

avo
=

were M is molar mass of water, Navo is the Avogadro number,
nres is number of water residues in the box of interest, and ⟨V⟩
is the average simulation box volume.148
Table 2 displays calculated and measured di!usion

coe"cients and water densities from the present study and
previous studies on aqueous systems. The self-di!usion
coe"cient and water density from the present study compares
well to literature values from the TIP3P water model.
The water distribution functions, gOO(r), gOH(r), and gHH(r)

were calculated and compared to literature data on similar
systems (Table 3). The results from this study compare
reasonably well to other simulations and experimental results.
The RDF between oxygen−oxygen pairs of two water
molecules (Figure S2) is similar to literature profiles129 and
shows a sharp peak at 2.75 Å (Table 3) for all three simulation
setups. This value is close to the expected average hydrogen
bond length in water, 2.8 Å.161 In addition, all RDFs between
two identical species (not showed) are found to be
independent of the particle composition as expected for such
dilute systems.
The RDFs of water atoms around the OH radical in the

system were calculated and compared to literature profiles.
Table 4 displays the peak positions for the di!erent atoms. The
present simulations are in good agreement with Campo and
Grigera.163
The surface tension of pure water is calculated to be 75.3

mN/m, 5% higher than the experimental value.129 Although
MD has been extensively used to model the air−water
interface,129 calculated surface-tension values vary considerably
even for studies using the same water model. The discrepancy
is due to di!erent simulation parameters and even simulation
times.129 The goal of the surface tension calculations
performed here is to examine the relative change in value
due to the addition of solutes. Table 5 shows the simulated
values of surface tension obtained for di!erent solutes and

solute mixtures. As solutes are added to the water system, the
calculated surface tension decreases. Amides are known to
greatly reduce the air−water surface tension33,164 with an
expected increasing e!ect as the alkyl chain length increases.
Urea has been measured to increase the water surface tension,
although the e!ect is expected to be negligible at the solute
concentrations used in the simulations.33,165 Similarly, the
addition of sugars to water, at low solute concentrations, is
expected to lead to a negligible change.166 The very small
decrease of surface tension after addition of urea or glucose
observed in Table 5 compared to pure water is likely to be an
artifact of the modeling. The presence of a methyl group in
MGP reduces its hydrophilicity compared to glucose and
induces a measurable decrease of the surface tension. Overall,
as seen in Table 5, the addition of an alkyl group to the solute
consistently decreases the air−water surface tension.
Figure 2 displays the OH radical profiles for the three

di!erent mixtures. The origin of the z-axis is located 40 Å

before the center of mass of the water box and is defined as the
water surface. For all simulations, OH radicals maintain similar
density distributions regardless of the combination of
molecules making up the multicomponent system. The OH
density profiles show an increase in density from a constant
value in the gas phase (with less than 5% fluctuation) to
maxima near the water surface, followed by a sharp drop and a
constant value within the water bulk. The density profile is
characteristic of the radical preference for the air−water
interface. During the last 50 ns of the simulation (Figure S3),
one OH radical spends an average of 45% of the simulation
time within the first 10 Å below the surface, 24% in the gas
phase, and the remaining 31% in the bulk. Hydroxyl radicals
being predominantly located at the interfacial regions agrees
with the findings of Roeselova ́ et al.69 as well as with the
potentials of mean force (PMF) calculations by Vaćha and
Slavić̃ek et al.70 showing active uptake of OH radicals at the
interface.

Table 4. Positions of the Water−OH Radial Density Profile Maxima

first maximum (Å) second maximum (Å)

atoms present study Campo and Grigera163 resent study Campo and Grigera163

H* H 2.45 2.4 4.45 4.30
H* O 1.75 1.75 3.75 3.75
O* H 2.05 1.97 3.35 3.35
O* O 2.85 2.85 6.90

Table 5. Simulated Surface Tension Values for Air−Water
Interfaces Containing Di"erent Solutes and OH Radicals

solutes

surface
tension
(mN/m) solutes

surface
tension
(mN/m)

Glucose 72.8 MGP and urea 66.5
Urea 71.5 MGP and acetamide 63.4
MGP 67.9 Propionamide and

acetamide
56.6

Acetamide 67.5
Propionamide 58.5

Figure 2. OH radical density profiles for a MGP−urea mixture (black
line), acetamide−propionamide (blue line), and acetamide−MGP
(red line) across the water box (blue shaded area).
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Figure 3 displays the scattering plot of one OH radical
(black dots) within the last 7 ns of the simulation. It shows

occurrences of adsorption (green), desorption (red), absorp-
tion (purple), and transfer from the bulk to the interface (dark
blue). In the absence of reactions, the radicals are at a dynamic
equilibrium between the di!erent phases of the system. These
results are consistent with previous MD simulations of OH
interaction at the air−water interface,69,167 although performed
here over a much longer simulation time.

4. RESULTS AND DISCUSSION
Following the simulation, all organic molecules are found to be
confined to the water box. Water evaporation is found to occur
with a rate of 0.24 molecules nm−1 ns−1 which is higher than
previous studies.168 Nonetheless, evaporation does not
significantly change the dimension of the system during the
simulation time. The air−water interface is defined to extend
10 Å into the water box and 10 Å into the gas phase. The
interface may also be defined as the region where the water
density is between 10% and 90% of its bulk value.167 Because
no solute molecules were found in the gas phase, the two
definitions lead to similar results. The following sections
present MD simulation results for water systems containing
mixtures of saccharide and amide molecules. The data are
interpreted using literature findings and discussed with special
attention to surface concentration gradients, molecular align-
ment, and OH−solute interactions. All the results presented
below are for a nominal mole fraction of 18 × 10−3.
4.1. Surface Concentration Gradients. The propensity

of a molecule to be confined to the interface may be
determined by inspecting the density profiles along the
simulation box axis. Figure 4 displays density profiles of (a)
MGP and urea, (b) acetamide and propionamide, and (c)
MGP and acetamide mixtures along the z-axis of the
simulation box. The water box is represented by the blue
shaded area and the interface by the purple shaded area. In
Figure 4a, the density profiles of the two organic species (urea
and MGP) show an increase from zero at the liquid surface to
respective maxima within the water bulk or within the air−
water interface. In the bulk phase, the density fluctuations are
less than 20% from the maximum value. In the case of urea, the
lack of a maxima within the interface area and near-flat density
profile in the bulk indicate that the organic species has a higher
preference for the liquid bulk. The MGP density profiles

(Figure 4a and Figure 4c) display a sharper density rise than
that of urea within the interfacial area, although most of the
molecules remain located within the bulk. The a"nity of an
organic molecule for a given region may be quantified by
integrating the density profile over the corresponding z-range.
For reference, the water volume within the interface represents
25% of the total water box. The integrated profile values are
given in Table 6. With a relative bulk value of 89% for urea and
84% for MGP, MGP has a slightly higher a"nity for the
interface than urea.
In Figure 4b, the density profiles of propionamide and

acetamide show a sharp increase with maxima within the
interface. The bulk density is found to be much lower than that

Figure 3. Scattering plot of one OH radical (black dots) within the
last 7 ns of the simulation. Di!erent trajectories of the radical are
highlighted: gas−surface adsorption (green), desorption (red),
absorption (purple), and bulk-to-interface transfer (dark blue). The
blue shaded area is the water box.

Figure 4. Density profiles of (a) MGPL (blue open diamonds) and
urea (green filled diamonds), (b) acetamide (purple starts) and
propionamide (open green triangles), and (c) acetamide (purple
stars) and MGP (blue open diamonds) across the water bulk (blue
shaded area), air−water interface (purple shaded area), and air
(unshaded area).

Table 6. Integrated Density Profiles (% of Total Area)a

molecules interface (%) bulk area (%)
MGP 16 84
Urea 11 89
Acetamide 28 72
Propionamide 45 55
MGP 17 83
Acetamide 33 67

aThe interface values are the sum of the left and right interfaces.
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of urea and MGP (Figure 4a). The propionamide density
profile displays a sharper density rise within the interfacial
region compared to that of acetamide, resulting in 45% of the
propionamide molecules within the interface compared to 28%
for acetamide (see Table 6). The trends described in Figure
4a,b for MGP and acetamide are also observed in Figure 4c for
a mixture of MGP and acetamide. In all cases, in Figure 4,
within the fluctuations of the models, the density profile of a
given molecule is found to be independent of the chemical
composition.
The shapes of the profiles observed for urea and MGP in

Figure 4 are likely due to the amphipathic properties of MGP
and the strictly hydrophilic nature of urea. Urea possesses only
polar functional groups, two NH2 groups, and one carbonyl
group, all contributing to its hydrophilicity and overall bulk
preference. MGP possesses polar functional groups (hydroxyl
group) and one nonpolar functional group (methyl). The polar
functional groups contribute to its hydrophilic tendency
resulting in bulk preference, but the presence of one methyl
group in MGP induces a change that reduces the molecule’s
hydrophilicity. The e!ect of the methyl group is apparent when
comparing the density profiles of MGP and D-glucose (Figure
S4). In the cases of acetamide and propionamide, the
hydrophobicity of the alkyl functional group is known to
increase with increasing chain length,112−115 leading to a
distinct propionamide preference for the interface.
For all the investigated solutes, the bulk concentration is

achieved within 2 nm from the water surface. For surface-active
molecules this results in the formation of a thin layer with
concentrations higher than that of the bulk. Similar surface-
enhanced concentrations have been observed for aqueous
particles containing ionic solutes.36,37 In this case the thickness
of the surface excess charge layer ranges from 1.4 to 2 nm
depending on the ion structure and is independent of the
particle size. The similarities between the two systems suggest
that the thickness of the partitioning layer is a property of the
solvent and may be independent of the solute. Although not
investigated here, the thickness of the partitioning layer is likely
to also be independent of the particle size. For larger particles
(>1 μm), any interfacial phenomena would therefore also
occur within a similar 2 nm layer. Even though the fraction of
the interface volume to that of the particle decreases with
increasing particle radius, the properties of this layer may be
su"cient to considerably change chemical mechanisms in
microdroplets.15,17
The e!ect on concentration on the density profiles was

investigated by running the simulations at two di!erent solute
mole fractions. Figure S5 displays the density profile of
acetamide at mole fractions of 1.0 × 10−3 and 18 × 10−3. The
profile shape is similar in both cases. The fraction of acetamide
within the interface is 37% at 1.0 × 10−3 compared to 33% at
18 × 10−3. In both cases, the profiles reach their bulk
concentration within ∼2 nm of the water surface. At the low
solute fractions used in the simulations, concentration has no
significant e!ect on the solute density profiles. This finding
agrees with previous investigations about the e!ect of
concentration on surface confinement performed at much
higher mole fractions.49,52,59
4.2. Molecular Orientation at the Interface. Density

profiles for individual functional groups of a given solute are
used to investigate molecular orientation as a function of
distance from the surface. Figure 5 displays the atom density
profiles for (a) MGP, (b) acetamide, and (c) propionamide

along the z-axis. The MGP carbon labeling is displayed in
Figure S6. For all three molecules, the density profiles of the
methyl group (black lines) are shifted toward the surface
compared to that of the other functional groups. In the water
bulk, all profiles are indistinguishable. The atom density
profiles for both urea and glucose (Figure S7) are
indistinguishable within the interface and the bulk.
The atom density distribution profiles for MGP, acetamide,

and propionamide displayed in Figure 5 all suggest that the
molecules loose rotational freedom near the surface and adopt
a preferred orientation with the most hydrophobic group
pointing toward the water surface. Molecules recover full
rotational freedom 2 nm away from the surface. No preferred
orientation is observed at the interface for urea and glucose.
The preferred orientation of the molecules at the interface is
consistent with previous findings for alkanes and acetoni-
trile.52,114 The orientation adopted by the acetamide,
propionamide, and MGP are attributed to nonpolar hydro-
phobic nature of the methyl functional group.57,58Figure 6 is a
snapshot of the interface showing the MGP preferred
orientation with the methyl group pointing toward the surface.
The expected OH reaction mechanism with saturated

organic solutes is fast abstraction of a H atom from the
molecule to from a radical and a water molecule.125,126 Further
reaction with molecular oxygen leads to peroxy radicals which
decompose to give carbonyl molecule and HO2 radicals.127 In
the bulk phase, the abstraction of the H atom from the
di!erent sites of MGP has been shown to follow a statistical
distribution with a near 3:2:1 ratio for abstraction from the

Figure 5. Atom density profiles for (a) MGP, (b) acetamide, and (c)
propionamide across the water bulk (turquoise blue) and air−water
interface (purple) interface.
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methyl group, ethyl group, and any other carbon sites,
respectively.126 The preferred MGP orientation displayed in
Figure 6 leads to the methyl groups becoming more accessible
for reactions with gaseous and adsorbed species such as the
OH radical. It is likely that within the interface the H-
abstraction process is no longer statistical. Because each
abstraction reaction product has a di!erent reactivity toward
O2, product distributions for the OH-initiated oxidation of
MGP in aerosols will di!er from that of the bulk. The e!ect is
likely to be even more pronounced in the case of
propionamide as more molecules will be confined to the
interface. In the bulk, the abstraction rates from the amide alkyl
chain are estimated to be twice as fast as that from the −NH2
group.127 Abstraction in α position from the amide group is
favored due to radical stabilization. Upon migrating to the
interface, the molecule will orient with the alkyl group facing
the water surface, likely further favoring abstraction of the alkyl
hydrogens relative to those of the −NH2 group.
Preferred molecular orientation of glucose at interfaces was

suggested by Zare and co-workers17 to explain the production
of sugar phosphates in charged microdroplets. The atomic
density profiles for glucose (see Figure S7), however, shows no
preferential orientation of the molecule near the water surface.
Combined with glucose preference for the particle bulk, it is
unlikely that interfacial orientation contributes to spontaneous
phosphorylation. Gas phase reactions may instead be
responsible for the observed enhanced chemistry.123,124
4.3. Interfacial Solvation and OH−Solute Interac-

tions. Although the MD simulations do not include reactive
interactions, information about how confinement at the
interface a!ects the chemistry may be inferred from inspecting
the interaction between solutes and solvent molecules. The
structures of the solute solvation shells were obtained by
probing the instantaneous configurations of each solute at
every time step (>100 frames) of the MD trajectories. The
water molecules included in the solvation sphere were
determined based on the distance between the water oxygen
atom to any of the carbon atoms of the solute. The cuto!
distance corresponds to the first local minima of the oxygen−
solute radical distribution functions.64,67 Similar instantaneous
configurations of OH radical−solute positions were also
sampled. The number of OH radicals around the solutes was
determined based on the distance of the radical oxygen atom
to any one of the carbon atoms of the solutes.
Table 7 displays the number of water or OH molecules

around the di!erent solutes in the bulk or within the interface.
The values displayed in Table 7 for OH are without any other
solutes. The solvation shell of the OH radical is found to vary
by up to 10% (not shown) depending on the solutes present in

the water box. The change in functional group in the solute
does not have large e!ects on the solvation sphere as observed
for other systems.64−66 The hydration shell for surface active
solutes and the OH radical is found to decrease considerably at
the interface. Similar “half-hydration” has been observed for
molecules such as coumarin 110.110 The change is less
significant for glucose and MGP, although in the case of
methyl substituted sugar, the lower hydration shell is
consistent with the alignment of the methyl group toward
the surface.
Radial pair distribution functions (RDFs) g(r) were plotted

to quantify the interaction between the OH radical and the
di!erent functional groups of the organic solutes in both the
interface and the bulk regions. Figure 7 displays the RDFs of
the OH radical H atom with the carbonyl oxygen atom of (a)
urea, (b) acetamide, and (c) propionamide in the bulk (red
lines) and at the air−water interface (blue lines). RDFs for the
interaction of the OH radical with the other atoms are
displayed in Figure S8. In Figure 7 the RDFs display two
maxima, one for distances below 3 Å and one for longer
distances. The sharp peak at short distances is characteristic of
hydrogen bonding interactions between the radical H atom
and the carbonyl oxygen. For all three molecules, within the
interface, this peak is more intense than the second broader
peak. Its intensity decreases within the bulk and, in the case of
propionamide, becomes very small compared to that of the
broader peak. A similar di!erence between RDFs in the bulk
and interface is observed for the carbonyl carbon (Figure S9).
Bulk and interface RDFs display similar features at both mole
fractions investigated here (see Figure S9 for the lowest mole
fraction RDF of propionamide). Radical distribution functions
in the interface also appear to decay faster with r than those in
the bulk. This suggests a tighter interaction between the OH
radical and the organic solute within the interface. This is likely
due to the di!erent molecular packing and solvation at the
interface relatively to the bulk.
According to the mobility mechanism of the OH radical in

solution63 and because of the lower solvation sphere, the
encounter of the solutes with the radical will take less steps at
the interface than in the bulk. This is evidenced in Table 7 by
the higher number of OH radical penetrating the solute
solvation shell within the interface compared to the bulk.
Other solvation e!ects, such as stabilization of the transition
states and intermediates, need to be investigated to fully
understand how the interfacial solvation may a!ect the
reactivity. Although such interactions may not be representa-
tive of the reactive potential between the radical and the
molecule, they provide valuable information to understand
surface phenomena in aqueous aerosols.

Figure 6. Snapshot of the air−water interface showing an oriented
methyl β-D-glucopyranoside molecule.

Table 7. Number of Molecules Sampled around Di"erent
Solutes within the Bulk or the Air−Water Interfacea

bulk interface

H2O OH· H2O OH·
OH radical (4.25 Å) 15.3 4.5
OH radical (2.45 Å) 3.3 1.5
Acetamide (4.25 Å) 27.4 0 15.4 0.3
Urea (4.30 Å) 23.7 0 15.2 0.1
Glucose (4.30 Å) 35.3 0 29.8 0.1
MGP (4.30 Å) 38.4 0 30.6 0.1

aThe number in parentheses indicates the cuto! distance for
determination of the solvation sphere.
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5. CONCLUSIONS AND IMPLICATIONS FOR
ATMOSPHERIC HETEROGENEOUS CHEMISTRY

The MD simulations described above provide a molecular level
snapshot of the air−water interface as found in atmospheric
multicomponent aqueous droplets. Analysis of the density
profiles and radial distribution functions for saccharide and
amide solutes as well as for OH radicals provides quantitative
information about the dimension and composition of the
interface and shows how molecular structure governs the
behavior of these solutes near the water surface. Although it
does not model the whole droplet, the simulations show that
for the systems investigated here:
(1) Bulk properties are reached within the first 2 nm of the

surface. Surface active molecules, such as propionamide
and acetamide, are found to accumulate within the top 2
nm of the droplet, while surface inactive molecules, such
as urea and glucose, form a depletion zone at the surface.
For a particle containing a mixture of urea and
acetamide, the properties of the outer phase are solely
defined by acetamide, while those of the inner phase are
mostly defined by urea. The MD simulations also
confirm that the OH radicals preferentially accumulate
within the 2 nm interfacial region. The dimension of the
interface is comparable to the di!usion−reaction length
(∼1−2 nm)75−78 of the radical under reactive

conditions. This overlap is likely to lead to interface-
specific reaction mechanisms and kinetics. For aqueous
aerosol for which di!usion of the reactants to the surface
is not the rate limiting step, surface active molecules are
rapidly consumed while surface inactive molecules are
shielded from direct reaction with the oxidant.13

(2) Surface active solutes lose rotational freedom and orient
themselves with the hydrophobic group pointing toward
the water surface. Methyl-substituted glucose is mostly
surface inactive with low surface concentrations but still
displays a preferred surface orientation due to the
presence of a methyl group. Hydrophobic organic
groups will become more accessible for reaction,
changing the likely reaction mechanism compared to
that of the bulk. Such behavior is expected for a
surfactant with large alkyl chains and is shown to happen
here for substituted saccharides and amides.

(3) Reduced OH radical and solute solvation at the interface
leads to an increased number of OH radicals coming
into contact with the investigated surface-active solutes.
As expected, the number of water molecules in the
radical and solutes solvation spheres is found to decrease
considerably within the interface. The extent of this
decrease depends on the molecular structure. This leads
to a tighter interaction between the OH radical and the
organic solute within the interface as observed in the
radial pair distribution functions. The e!ects will
contribute to a change in reaction rate coe"cients
within the interface compared to the bulk.

The increased surface concentration, molecular orientation,
and tighter OH−solute interaction all suggest a di!erent
reactivity of surface-active molecule within the air−water
interface compared to bulk molecules. These findings have
major implications for the chemical transformation of aqueous
aerosols where the interface is a gateway for atmospheric
oxidizers. The di!erent surface behavior of the organic solutes
can explain heterogeneous atmospheric phenomena that are
inconsistent with known bulk liquid or gas phase chem-
istry.15,17,19,169
Amides and urea170 as well as saccharides171 have been

detected in atmospheric aerosols at concentrations much lower
than that used in the modeled system. Density profiles and the
extent of the molecular alignment are expected to change with
solute concentrations.49,52,59 In the cases of a water−
acetonitrile52,59 and water−dimethyl sulfoxide the systems
displays solute enhancement at the air−water surface for mole
fractions up to 0.20 with a surface peak concentration that
decreases with increasing solute mole fraction. At higher mole
fractions, although the solute profiles may not display a
significant surface enhancement, the surface concentration
remains greater than that of the bulk. This trend suggests that
surface concentration enhancement is still expected at solute
mole fractions lower than that used in the present study
(0.0018). In addition, the width of the high-concentration
region is found to be relatively independent of the solute mole
fraction.52 The interface properties observed here for
saccharides and amides are therefore likely to remain relevant
at the low solute mole fractions found in atmospheric aerosols.
In mixed particles, urea will be shielded from reaction with

OH by surrounding surface active compounds. In the gas
phase, amides react with the OH radical through abstraction of
a hydrogen atom from the alkyl group, with negligible

Figure 7. Radial pair distribution functions of the OH radical H atom
with the carbonyl oxygen atom for (a) urea, (b) acetamide, and (c)
propionamide in the bulk (red lines) and at the air−water interface
(blue lines). The profiles are normalized by the area under the curve.
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abstraction from the NH2 group.172 Although the overall gas
phase rate coe"cients are relatively low (<2 × 10−12 cm3 s−1)
for gas phase reactions, the reaction with OH remains the main
amide sink in the atmosphere.172 In the aqueous aerosol phase,
abstraction of an alkyl hydrogen atom is likely to remain the
dominant initial reaction pathway for reactions of OH with
amides. The loss of rotational freedom observed at the
interface and the exposure of the alkyl group toward the
particle surface may enhance the accessibility of alkyl
hydrogens for abstraction by the radicals. Under such
conditions, the interface reaction is likely to be faster than
that occurring in the bulk. Saccharide molecules have also been
detected in aerosols,171 and the e!ect of surface partitioning on
their heterogeneous oxidation has been discussed.13 Alkyl
substituted saccharides, however, may have drastically di!erent
behavior as they are more likely to be found at the interface
and to lose their rotational freedom.
These findings are likely to apply to more abundant

atmospheric compounds such as dicarboxylic acids. The OH
radical reacts with dicarboxylic acids by abstraction of a
hydrogen atom from the carbon chain. Upon addition of
molecular oxygen, the reaction proceeds though Russell
disproportionation or Bennett−Summers elimination as
observed in the gas phase.173 The final products are a mixture
of alcohols and ketones. Scission of the carbon chain may lead
to the formation of small volatile fragments. The final
composition of the particle will be greatly dependent on the
structure of the reacting acid. In the case of a multicomponent
particle, molecules at the particle surface will be more likely to
react with the OH radicals, making the overall chemical
scheme very di!erent from that of a system where the OH
radicals react with all the solutes. Models trying to reproduce
the chemical evolution of atmospheric aerosols must take such
phenomena into account to accurately reproduce the
heterogeneous chemistry.
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