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ABSTRACT: The growth of small valeric (pentanoic) and
glutaric (pentanedioic) acid aerosol particles from 20 to 500
molecules has been investigated at room temperature using
classical molecular dynamics simulations. As a result of a
higher propensity to form hydrogen bonds, glutaric acid
aggregates are shown to be denser than their valeric
counterpart. The addition of water molecules with water/
acid ratios of 1:1 and 2:1 has then been studied in the case of
the diacid. At a low water content, water primarily forms small
islands on the surface. When the amount of water increases, it
penetrates deeper into the aggregate but a significant fraction
remains at the surface. A Connolly surface analysis reveals that
the surface is mostly covered by hydrogen atoms from CH2
groups, with acidic hydrogens being saturated and not available at the surface, for both dry and wet particles. These atomic
distributions could impact the reactivity of such particles with gas-phase oxidants and the uptake of trace gases.
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■ INTRODUCTION

It is well-known that atmospheric aerosols contain a significant
part of carbonaceous compounds, either elemental (black
carbon and fresh soot), organic, or a mixture of both types
(brown carbon).1 They can be primarily emitted from either
biomass burning or other anthropogenic sources or formed via
the oxidation of gaseous precursors. In addition to their direct
effect on the radiative balance of the Earth,2 they can also act
as cloud condensation nuclei (CCN)3 onto which water will
condense to form cloud droplets. In this context, a better
understanding of their formation processes and interaction
with water is fundamental.
Carboxylic acids are ubiquitous in the atmosphere and

constitute one of the most abundant groups of species among
organic compounds as oxidation end products.4,5 These acids
have been observed in both the gas and particulate phases, with
low-molecular-weight compounds, such as formic and acetic
acids, being mainly observed in the gas phase,6 and higher
molecular weight compounds, such as dicarboxylic acids,
partitioning predominantly to the particulate phase.7 Small-
chain fatty acids (mono- and dicarboxylic) have for example
been detected in various areas,8,7−10 including valeric acid
(VA) and glutaric acid (GA). For example, in the north of
France, measurements at an urban background in Douai9 and
an industrialized coastal site in Dunkirk10 gave concentrations
of only a few nanograms per meter cubed on a daily average
with no clear seasonal trend.

To better understand the formation of secondary organic
aerosols (SOAs) and the impact of environmental conditions,
such as relative humidity (RH) and temperature, on their
atmospheric fate, simulation tools are paramount. Several
molecular dynamics (MD) studies have focused previously on
organic aerosols, with some of them specifically on carboxylic
acid aerosols. Ma et al.11 have studied the behavior of inverted
micelles of a dicarboxylic acid (C3−C9 and branched C9) layer
on a droplet of water at 300 K and observed the formation of
two separate phases, except for malonic acid (C3), which
dissolves in water. Water nucleation was also investigated by
MD simulations on small dicarboxylic acid aggregates12,13 as
well as formic,14 acetic, and propionic acid aggregates15 in the
100−250 K temperature range. These authors have highlighted
that pressure does not have a strong influence, in contrast to
the temperature and RH. For the highest temperature range
(200 < T < 250 K), mixed water−acid droplets were formed,
while water islands were observed at lower temperatures. More
recently, the same kind of study has been performed on mixed
formic and acetic acid aggregates.16 These simulations have
shown that the interaction between both acids has no influence
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and the overall behavior is similar to what was found for the
pure organic aggregates.
These MD studies could be used to provide a better

understanding of observations made in laboratory experiments,
such as studies focusing on the uptake of trace gases on
atmospheric aerosols. Indeed, some experiments carried out by
Taketani et al.17 and Lakey et al.18 on dicarboxylic acid
particles have highlighted some trends for the hydroperoxy
radical (HO2) uptake, which depends upon RH. Humidity can
increase the uptake because it can enhance the diffusivity of
gaseous compounds in the bulk.19 On the contrary, Lakey et
al.18 have also estimated that, for some organic aerosols, such
as humic acids, the increase of RH can finally lead to the
formation of a micelle, which creates a diffusion barrier and,
thus, decreases the uptake. Studying the structure of organic
aerosols by MD can lead to the prediction of such effects.
The goal of the present paper is to study the properties of

small organic aerosols, formed of GA molecules (C5H8O4),
and to perform a comparison to its monoacid counterpart, i.e.,
VA (C5H10O2). In addition, this study investigates the
adsorption of water molecules on the glutaric aerosol surface.
Indeed, as a result of the size of the molecules, quantum
calculations can only be considered for small clusters20 and the
use of classical MD techniques is mandatory.

■ COMPUTATIONAL DETAILS

Aerosols of pure VA, pure GA, and wetted GA were generated
by classical MD simulations with the GROMACS program
package (version 5.0.7).21

The geometries of isolated VA and GA molecules (Figure 1)
were both optimized quantum mechanically at the M06-2X/6-
311++G** and MP2/6-31+G** levels,22−24 respectively, using
the Gaussian 09 quantum package.25 Topology files were
generated with the Antechamber program26 using the
parameters from the AMBER GAFF force field27 (see the
Supporting Information). RESP charges28−30 for GA have
been computed at the MP2/6-31+G** level, while for VA,
AM1-BCC charges were used.31 Water was described with the
SPC/E model.32

The simulations have been performed in the NVT canonical
ensemble after an energy minimization with the steepest
descent algorithm. The temperature was kept fixed at 300 K
with the velocity rescale algorithm and a coupling time of 0.1
ps.33 The cubic box was set to a width of 30 nm. Dry aerosols
were formed from the aggregation of 20, 50, 100, 200, and 500
molecules of carboxylic acids, randomly placed inside the box.
The NVT simulation was performed with a time step of 2 fs
until stabilization of the total energy. The total simulation time
was 60 ns for dry aggregates and 40 ns for wet aggregates,
except for the 500 wet case, where the simulations were
prolonged for 50 ns. All calculated properties appear to be

converged after 30 ns. Finally, 2 ns of production was used for
the analysis. Molecules were kept rigid thanks to the LINCS
algorithm,34 where only the angles are free to move, except for
water, constrained in the SPC/E geometry. The intermolecular
interactions (Coulomb and Lennard−Jones) have been cut
beyond 1.2 nm. To take into account the long-range
electrostatic interaction, the particle mesh Ewald (PME)
method has been used,35 with a Fourier spacing of 0.12 nm.
Once the aggregate is formed, its angular momentum starts

to increase because there is no collision. To remove this
artificial motion that leads to the breaking of the aggregate, the
center of mass rotation was disabled for 10 ns, with the
periodicity of the box and the constraint on the bonds (LINCS
algorithm) also being removed during this period. The time
step used was decreased from 2 to 0.5 fs. The long-range
intermolecular interaction has also been removed, and the
cutoff radii for the Lennard−Jones and Coulombic interactions
were set to 6 nm to take into account all of the interatomic
interactions. Once the aggregate becomes stabilized, the
rotation is reactivated and the run is prolonged.
Wetted aggregates have been generated for 1:1 and 1:2 GA/

water ratios. The corresponding amount of water molecules
was added randomly on the previously obtained dry GA
aggregates. It should be noted that only neutral molecules were
considered in the present work, even though deprotonated
molecules could also be found in atmospheric particles.36

Finally, a Connolly surface analysis37 has been performed
using a probing sphere of 0.2 nm with a precision of 500 dots
per sphere using the method described by Eisenhaber et al.38

Note that the Connolly surface corresponds to the contact
between the sampling sphere and the van der Waals surface of
the aerosol. This provides an estimate of the atomic
distribution at the surface of the particle as well as its surface
and volume (see Table 1).

■ RESULTS AND DISCUSSION

Geometries of Gas-Phase Acids. Before turning to the
analysis of the particle phase, it is worth mentioning an
important difference between GA and VA geometries in the
gas phase (see Figure 1). Indeed, while isolated VA has a
unique geometry of Cs symmetry, GA has three possible
conformers (see the Supporting Information). The less stable
conformer corresponds to a Cs symmetry similar to VA. The
second conformer is stabilized by an intramolecular hydrogen
bond between CO oxygen and the opposite Hα hydrogen
atom. At the MP2/6-31+G** level, this conformer is 1.64 kcal
mol−1 lower in energy. Finally, the third conformation has a
hydrogen bond between CO oxygen and the opposite O−H
hydrogen, making it more stable by 4.81 kcal mol−1 (MP2/6-
31+G*). With a higher level of theory (MP2/aug-cc-pVTZ),
the relative energies are not modified significantly (−0.94 and

Figure 1. Labeling of atoms and functional groups in both molecules.
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−3.66 kcal mol−1, respectively), as also happens for other
dicarboxylic acids.20 All conformers appear to have very similar
RESP charges. However, in the aerosol phase, the intra-
molecular hydrogen bonds are broken to the benefit of
intermolecular hydrogen bonds. For this reason, the RESP
charges calculated for conformer 1 geometry were used in the
MD simulations.
As detailed in the Supporting Information, the force-field

parameters were validated by comparing the calculated density
and lattice parameters of the bulk crystals to available
experimental values.39−41 The geometry and energy (see
below) of the hydrogen bonds were also compared to
experimental values as well as ab initio results obtained at
the MP2/6-311++G(2d,2p) level with zero-point energy
(ZPE) corrections.
Structure of VA and GA Aggregates. The snapshots of

dry GA and VA aerosols, shown in panels a and b of Figure 2,
do not exhibit noticeable differences, thus requiring the
calculation of several observables to quantitatively differentiate
the two acid aggregation properties.
Radial distribution functions (RDFs), g(r), were obtained by

computing the distance between the mass center of the
molecule or a functional group and the mass center of the

whole aggregate, fixed at r = 0 nm. RDFs have been calculated
for the COOH group of both acids, the (CH2)β carbon chain
of GA, and the CH3 tail of VA with respect to the aggregate
mass center. Note that, for clarity, RDFs shown in Figure 3 are

not normalized. For all studied sizes from 20 to 500 GA
molecules, the two distributions exhibit well-correlated peaks,
with the atoms being uniformly distributed in the volume of
the aggregate. For VA, the behavior of g(r) is rather similar.
For smaller sizes (N = 20 and 50), the COOH functions are
located close to the center of the aggregate. This is due to the
creation of intermolecular hydrogen bonds between the
COOH groups at the center. When the size increases, the
COOH groups are still located in the particle bulk, while the
CH3 groups are becoming more abundant toward the surface.
The GA RDFs exhibit sharper oscillations than the VA

RDFs as a result of the formation of hydrogen bonds on both
sides of the chains, which provide additional structural features.
This effect has also been observed for the orientation of the

Table 1. List of the Particle Surfaces and Volumes Given by
the Connolly Surface Analysis and Corresponding
Calculated Densities

N surface (nm2) volume (nm3) density (g/cm3)

GA
20 19.8 6.3 0.70
50 33.8 13.6 0.81
100 50.1 24.6 0.89
200 76.2 45.3 0.97
500 136.5 106.0 1.04

VA
20 23.0 6.8 0.50
50 41.7 14.9 0.57
100 63.9 27.4 0.62
200 109.0 49.0 0.66
500 173.0 116.2 0.73

1:1 GA/Water
20 32.9 8.4 0.60
50 40.1 16.0 0.78
100 58.6 28.7 0.87
500 151.8 121.7 1.02

1:2 GA/Water
20 29.2 8.6 0.65
50 47.8 18.5 0.76
500 171.0 137.3 1.02

Figure 2. Snapshots of dry (a) VA and (b) GA aggregates containing 500 molecules and (c) 1:2 acid/water aggregate composed of 500 GA
molecules.

Figure 3. Mean number of specific atom groups as a function of the
distance to the (a) GA and (b) VA aerosol centers of mass. The solid
and dashed curves represent the distribution functions of the centers
of mass of CH2β (GA) or CH3 (VA) and COOH, respectively.
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chains (see the angle distributions presented as Supporting
Information).
It is interesting to see how the organization of the chains in

the aggregate is affected by the subsequent addition of water.
In Figure 2c, a snapshot of the aggregate with 500 GA
molecules and 1000 water molecules is shown as an example.
In Figure 4, the RDFs of GA and water mass centers for both
1:1 and 1:2 ratios are compared to the RDF of the glutaric
center of mass without water at the corresponding size. For the
1:1 ratio and N = 20, the water molecules are located at the
center of the cluster, with the acid being repelled outside. At
this size, water manages to diffuse between the acid molecules
that are less strongly bonded than at larger sizes, as shown
later. As the size becomes significant (N = 500) for the 1:1
ratio, most of the water molecules are at the upper edge (r > 2
nm). This is in line with the results of Radola et al.15 for a N =
120 1:1 propionic acid/water cluster simulated at 250 K; at
this water content, the acid aerosol is preserved at the center. It
is possible that, for higher acid/water ratios, the acid would
create a shell around a water droplet, as found in the propionic
acid/water case studied by Radola et al.15

When the ratio is increased to 1:2 (Figure 4), the situation is
somewhat different because, for small aggregates, the water
molecules lie preferentially at the surface of the aggregate,
whereas for N = 500, water molecules can also be found in the
core of the particle. The larger number of molecules present at
the surface tends to create a pseudo-pressure that pushes the
water molecules toward the interior. It should be noted that
simulations have been extended to 90 ns for both ratios and

the largest sizes, N = 200 and 500, to make sure that the
distributions are not dependent upon the sampling time,
because the diffusion process requires a longer simulation time
to be captured.13 The diffusion of water through an organic
core has also been observed by Zhang et al.42 for a size of N =
120 acetic acid molecules and a 1:3 acid/water ratio at 260 K.
For larger acid/water ratios (1:6 or 1:10) and fewer propionic
acid molecules (N = 120), Radola et al.15 showed that, at 250
K, water forms a liquid droplet at the center of the particle,
with the acid molecules being repelled toward the edge of the
particle. This behavior is consistent with our own results
obtained with lower water coverage, longer chains, and larger
aggregates, at room temperature.
Using these functions, it is possible to estimate the radius of

the formed aggregate. For a homogeneous particle, this radius
should be proportional to a power of the number of molecules
N: r(N) = r0N

α. Ideally, α should be equal to 1/3 if we assume
that the aggregate has a spherical shape. Figure 5 depicts the
radius of dry GA and VA particles as a function of N together
with a fit of the above function. The radius was obtained by
taking the distance corresponding to 5% of the maximum value
of the non-normalized RDF. The radii deduced for dry
aggregates of both acids appear to closely follow this law,
because α = 0.306 and 0.379 for GA and VA, respectively.
Interestingly, r0(GA) = 0.48 nm and r0(VA) = 0.38 nm, which
roughly correspond to half of the length of each isolated
molecule (0.37 nm for GA and 0.39 nm for VA). Thus, both
acid aggregates appear to behave more or less like spherical
objects whose diameters are the length of the monomer.

Figure 4. RDFs of (left) dry GA and (middle) 1:1 and (right) 1:2 ratios of GA/water aggregates. The black curve corresponds to the GA center of
mass, and the red curve corresponds to the water center of mass.
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The density can be calculated from the number of molecules
(N = 500) divided by the volume deduced from the Connolly
surface (see Table 1). For GA, it is 1.04 g/cm3, which is about
40% lower than the value measured at 298 K (1.41 g/cm343)
for a solid bulk. For VA, the density is calculated to be 0.73 g/
cm3, which is about 20% less than the measured value of 0.93
g/cm3.44 Consistently, the model particles are much less dense
than their corresponding bulk counterparts.
From the radii and estimated densities, we observe that VA

aerosols are slightly less compact than the GA aerosols. This
can be rationalized by the fact that one GA molecule has two
acidic tails, instead of one acidic tail for VA. This allows for the
formation of a larger number of hydrogen bonds per molecule
on average and, thus, a more condensed aerosol.
Upon the addition of water on GA, the radius increases only

slightly: for N = 500, by about 6% for the 1:1 acid/water ratio
and 24% for the 1:2 acid/water ratio compared to the dry
counterpart. The density for both wet aerosols is only slightly
lower than that for the dry case (1.02 g/cm3). Thus, the
increase of mass due to water is compensated by the
augmentation of the radius and, hence, the volume, indicating
an inhomogeneous distribution of the molecules in the
aggregate as observed on the RDFs (Figure 5).
Connolly Surfaces. Characterizing the surface in terms of

the density of atoms gives some indication on the
heterogeneous reactions that may occur depending upon the
nature of the gaseous species impinging the particle. Figure 6
displays the surface repartition of the GA atoms for increasing
aggregate sizes. Growing from 20 to 500 molecules only make
the results vary by a few percentages, suggesting that the
surface of relatively small particles could be representative of
larger particles. Most of the surface is occupied by hydrogen
atoms from the carbon chain (Hα and Hβ), followed by both
oxygen atoms from the acid functions. Acid functions represent
about 40% of the surface, which explains why water is easily
adsorbed on the aerosol. However, very few acidic hydrogen
atoms are present at the surface, because they are involved in
strong intermolecular bonds favoring the cohesion of the
aerosol. The same trends occur for VA (not shown here) but
with the hydrogen atoms from the methyl group being
predominant (almost 50% of the total surface).
On Figure 7, the same distributions obtained for both 1:1

and 1:2 GA/water ratios are compared to the dry case for a

500 molecule size. For the 1:1 ratio, about 20% of the surface
is covered by water, while this proportion increases to about
40% for the 1:2 ratio. This is in agreement with the observation
that water molecules tend to stay at the surface, according to
the RDF depicted in Figure 4. Reciprocally, the amount of GA
atoms remaining at the surface decreases. However, the relative
proportion of each GA atom type does not change significantly
with respect to the dry case. This further confirms that water
molecules, even if adsorbed at the surface, do not induce any
substantial change in the molecular organization. Finally, using
the Connolly method, the water surface to bulk ratio is found
to be 45% for the 1:1 case and 49% for the 1:2 case.

Hydrogen Bonds. The hydrogen bond length and O−O−
H angle distribution for increasing sizes of GA and VA
aggregates are shown in Figure 8. It should be recalled that,
within our classical description, a strong hydrogen bond is
characterized by a H−O bond of the order of 0.28−0.29 nm
and a O···O−H angle close to 0°. For both molecules, the
bond lengths are centered at the same value (∼0.269 nm,
Figure 8a for GA; 0.285 nm, Figure 8c for VA). These values

Figure 5. Comparison of the mean radius of the formed (black) GA
or (red) VA particles as a function of the number N of molecules. The
curves correspond to a r(N) = r0N

α
fit. Figure 6. Atom distribution at the surface of dry GA particles for sizes

varying between 20 and 500 molecules. The labels are described in
Figure 1.

Figure 7. Comparison of the atom surface distribution of dry GA and
both 1:1 and 1:2 ratios of GA/water aggregates containing 500 GA
molecules.
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are close to the experimental values.39,40 As expected, the
number of hydrogen bonds is about twice larger for GA than
for VA. For VA, the distribution does not depend upon the
size, while for GA, it becomes thinner as the number of
molecules increases: the full width at half maximum (fwhm)
decreases from ∼0.03 nm for N = 20 to ∼0.02 nm for N = 500.
Similarly, it remains essentially constant around 10° for the
angles (panels b and d of Figure 8), with the exception of a
small shift when the GA aerosol size increases, meaning that
the three atoms are almost perfectly colinear (Figure 8b). This
angle is close to ∼12° found experimentally for both acids in
the crystalline phase.45,46 These results indicate that the core of
the aggregate does not evolve during the growth for VA,
whereas in the case of GA, the growth of the particle is
associated with a significant strengthening of the hydrogen
bonds. When water is added on GA (see the Supporting
Information), the results remain essentially the same, for both
acid/water ratios, supporting the previously stated assessment
that water does not significantly change the molecular
organization of the particle.
Complementary to the geometrical parameters, the dynam-

ics of hydrogen bond formation/breaking inside the simulated
aggregate can be characterized through the calculation of the
time evolution of the hydrogen bond autocorrelation functions
a(t).47 This is depicted in Figure 9 for small and large dry GA
and VA aggregates. For both acids, the decay is faster for the
small aggregate, indicating that the hydrogen bond lifetime is
shorter. In comparison of the two acids, GA exhibits a slower
decay than VA for each size and a(t) is close to 1 and remains
constant over time for N = 500. These trends are the signature
of the difference of nature between the two acids: GA behaves
like a solid, with the molecules being more tightly bonded,
while VA behaves like a liquid. When water is added to GA,

a(t) remains the same and close to 1 for N = 500; therefore,
the nature of the wetted aggregate is not significantly altered.

Binding Energies. With the water SPC/E model, a typical
energy for a hydrogen bond formation is about 20 kJ/mol (e.g.,
see ref 48). For the acid−acid interaction, Darvas et al.13 have
implicitly assumed the same value for malonic−malonic acid
and water−malonic acid interactions. The present simulations
give a value of 90 kJ/mol for GA−GA, corresponding to four
bonds, so that a typical value would be about 22.5 kJ/mol (see
the Supporting Information). This is slightly below a previous
MD value obtained on the crystal (27.4 kJ/mol in ref 49) but
underestimated when compared to more refined results.
Indeed, at the MP2/6-311++G(2d,2p)+ZPE level, we obtain
for the gas-phase GA−GA dimer a value of 139 kJ/mol,
corresponding to 34.7 kJ/mol per bond. This is close to the
formic acid dimer, for which the best ab initio result (at MP2/
VQZ2PP//TZ2P with counterpoise correction) is 31 kJ/

Figure 8. (a and c) Hydrogen bond distance distribution and (b and d) O···O−H angle distribution of dry (a and b) GA and (c and d) VA aerosols
for sizes varying between 20 and 500 molecules.

Figure 9. Autocorrelation function over hydrogen bonds between dry
GA and VA aggregates of 20 and 500 molecules.
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mol.50 In another work by Petit et al.51 on C6−C12 diacid
crystals using density functional theory (DFT), an upper
estimate of 42 kJ/mol per bond was obtained. As shown in the
Supporting Information, the four bonds are not identical in
their geometry, so that the energy of each of them is not
strictly speaking the same. For the VA−VA dimer, the
geometry of the dimer is simple because the two COOH
groups form two very similar bonds (see the Supporting
Information). The calculated MD energy of 29.3 kJ/mol (per
bond) is very close to the MP2/6-311++G(2d,2p)+ZPE
energy (31.5 kJ/mol) and just above classical simulations on
the crystal (27.9 kJ/mol in ref 49). Finally, for the GA−water
interaction, we use the “unfolded” isomer of the acid, more
representative of what happens in the aggregate. The MD
energy of the hydrogen bond is 42.7 kJ/mol, much larger than
the ab initio result (28.5 kJ/mol). The same situation occurs
for the VA−water case, because the MD value is 42.5 kJ/mol,
while the ab initio result is 33.2 kJ/mol. Clearly, a more
detailed study at the quantum level is needed, including basis
set superposition error in particular, especially for the GA−GA
and GA−water cases, but this is beyond the scope of the
present study.
For consistency, the MD values will be used to obtain an

estimation of the average number of hydrogen bonds per
molecule in the analysis of the binding energy distributions of
the aggregates. Such global distributions for dry GA and VA
are depicted in Figure 10. For the smallest (N = 20; Figure
10b) VA cluster, the maximum is found around −40 kJ/mol,
indicating between 1 or 2 hydrogen bonds. When the size
increases, the maximum is shifted toward lower values,
culminating to about −70 kJ/mol, i.e., between 2 and 3
bonds. The widths of the distributions are approximately the
same. For GA (Figure 10a), the behavior is somewhat different
qualitatively and quantitatively. For N = 20, there are well-
defined peaks at about −80, −120, and −140 kJ/mol,
characteristic of about 4, 5, and 6 bonds, respectively. The
peak corresponding to the lowest number of bonds is by far the
most intense. Increasing the size of the aggregate to 50 then
100 lowers the intensity of this first peak to the benefit of the
second and third peaks. For even larger sizes, the peaks
become less well-defined and the −80 kJ/mol peak disappears.
For N = 500, the maximum probabilities now correspond to
−120 and −140 kJ/mol and to a less extent −100 kJ/mol. This
means that the number of hydrogen bonds is now about 6 ± 1.
As expected from the dicarboxylic nature of GA, this number is

roughly twice that found for VA and is consistent with the
more compact nature of GA aggregates with respect to VA
inferred from the density and hydrogen bond geometrical
distributions.
When water is added, a more refined analysis is needed as a

result of the three different types of interactions. Moreover, it
is possible to distinguish between an acid molecule surrounded
by water (GA−water) and a water molecule interacting with
the surrounded acid molecules (water−GA). The binding
energy distributions for 1:1 and 1:2 GA/water are displayed in
Figure 11. The acid−acid binding distribution is compared to
the dry case (Figure 11a). Upon the addition of water, the
distribution is shifted toward higher energies, with the
maximum being displaced from −120 kJ/mol in the dry case
to −100 kJ/mol. This can be rationalized by the fact that some
of the GA−GA bonds present in the dry aggregate have been
broken in favor of interactions with water. This is clearly seen
on the GA−water interaction (Figure 11b) that is charac-
terized for both ratios by a broad distribution ranging between
−100 and 0 kJ/mol. Dependent upon the configuration of the
molecules in the aggregate and using the MD energy of 42.7
kJ/mol, the number of hydrogen bonds formed between one
GA and water would then vary between 2 and 0. From the
water point of view, the binding energy distributions are
presented in Figure 11c, which gives the probability for a water
molecule to be bonded to a GA molecule. For the 1:1 case, the
maximum is indeed located around −40 kJ/mol, correspond-
ing to 1 bond. At a ratio of 1:2, the distribution shape is slightly
changed, with a larger proportion of water molecules that are
not interacting with the carboxylic acids but that are instead
interacting with other water molecules, as seen on the water−
water binding energy distribution (Figure 11d), whose
maximum is shifted toward lower energies as the number of
water molecules increases. The binding energy analysis is
representative of the formation of water islands at the surface
of the organic aggregate.
These findings may be compared to two previous studies on

similar systems, both with classical MD. First, Radola et al.15

studied the formation of acetic and propionic acid aggregates
for 1:1 to 1:6 water/acid ratios. The number of molecules was
set to 120, but similar results were obtained with 240
molecules. Because of the use of the TIP5P potential for
water,52 the maximum temperature is 250 K and the typical
water−water binding energy is about −25 kJ/mol. The results
of the 1:1 propionic acid/water cluster at 250 K may be

Figure 10. Binding energy distribution of dry (a) GA and (b) VA particles for 20−500 molecules.
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compared to the present 1:2 GA/water aggregate at 300 K.
The three propionic−propionic, propionic−water, and water−
water interactions show three well-defined peaks centered at
−25, −25, and −75 kJ/mol. It should be kept in mind that
these authors assumed the same value of −25 kJ/mol for all
types of hydrogen bonds. Thus, at low water contents and high
temperature, the results are similar to those for GA, with water
islands scattered at the surface of the aggregate. However,
because propionic acid is a monocarboxylic acid, the number
of bonds is lower than that for GA. In another work,13 Darvas
et al. also used the same methods to study water adsorption on
malonic acid aggregates, a smaller dicarboxylic acid (C3H4O4).
The use of 212 malonic acid molecules and 300 water
molecules provides a ratio close to the present 1:2 GA/water

ratio. As seen by comparison of Figure 5 of ref 13 to the
present Figure 11, similar trends are observed: a broad
distribution from malonic−malonic binding energy centered
around −125 kJ/mol, three well-defined peaks at 0, −75, and
−125 kJ/mol for malonic−water, and four peaks characteristic
of 0−4 hydrogen bonds for water−water interactions. The
competition between the acid−acid and acid−water inter-
actions has also been observed for palmitic acid adsorbed on
NaCl at various humidities.53 For long-chain acids, lateral
intermolecular interactions are also playing a role in the
organization of the molecules and not only the bonding
through the COOH groups.

■ CONCLUSION
MD simulations have been performed to model the formation
of sub-micrometer organic aerosols of carboxylic acids, a
monoacid (VA) and a diacid (GA), under dry or humid
conditions at two acid/water ratios and ambient temperature.
Two sets of comparisons have been addressed: first, GA
aggregation properties have been compared to those of VA,
and second, the alteration of the GA particle upon the addition
of water has been studied.
The ability of GA to form hydrogen bonds on both sides of

the chain triggers some significant differences in terms of
structure, density, and binding energies with respect to VA.
The aerosols composed of the diacid molecules are more
compact than the monoacid molecules as a result of stronger
intermolecular interactions. This is mostly due to the
formation of a larger number of intermolecular hydrogen
bonds that persist for a long time, even at room temperature.
When water is added on the particle, for a 1:1 acid/water

ratio, it may be found in the core of small particles (N < 100);
however, as the aggregate becomes larger, water tends to
accumulate on the surface, forming aqueous islands on the
organic particles. At higher humidity (1:2 ratio) and larger
sizes (100 < N < 500), water molecules at the surface become
pushed toward the center, forming an inhomogeneous particle
containing water in the bulk and at the surface. This
organization is driven by diffusion, and we can wonder if
water will be able to completely diffuse toward the bulk,
repelling the diacids toward the edge of the particle. Our
simulations, even though extended to 90 ns, were not able to
reach this state.
Interestingly, the atom distribution at the surface does not

depend upon the size of the particle and is not significantly
altered upon the addition of water, indicating that some
substantial reorganization may only occur locally. This result
provides confidence in the description of sub-micrometer
particles with a limited number of molecules, although larger
than 50 to obtain a significant surface/volume ratio.
Descriptions of the organic aerosol surface and bulk at the
molecular level can be of interest for laboratory experimen-
talists investigating the uptake or reactivity of trace gases on
aerosol surfaces. Contrasting macroscopic measurements of
elementary parameters (e.g., uptake coefficients of trace gases)
obtained when environmental parameters are varied (e.g., RH
and temperature) with changes in the aerosol surface
composition simulated at the molecular level could help
interpret experimental observations in more detail.
To study the uptake process of a radical or molecule at the

particle surface and the potential reactions that could occur at
the surface or within the bulk, approaches combining quantum
chemistry and molecular mechanics have to be employed

Figure 11. Comparison of binding energy distributions of dry (black)
GA particles and (red) 1:1 and (blue) 1:2 GA/water particles for the
(a) GA−GA, (b) GA−water, (c) water−GA, and (d) water−water
interactions.
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(QM/MM). While these methods are becoming more and
more efficient, the design of the system has, however, to satisfy
the constraint of feasibility of the calculations and relevance of
the chemical mechanisms. As such, our results give some
indications on the atoms available at the surface and the
representative particles that could be used for further
investigation, including reactive processes.
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