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Abstract

Atmospheric amino acids constitute an important fraction of the water-soluble organic
nitrogen compounds in both marine and continental aerosols, and have been con-
firmed as effective cloud condensation nuclei materials in laboratory tests. We here
present a molecular dynamics study of amino acids representative for the remote ma-5

rine atmospheric aerosol-cloud system, in order to investigate molecular distributions,
orientations and induced changes in surface tension, and to evaluate their indirect ef-
fects on optical properties of clouds. These L-amino acids, including serine, glycine,
alanine, valine, methionine and phenylalanine, are categorized as hydrophilic and hy-
drophobic according to their affinities to water. Different amino acids show distinct10

effects on the surface tension; even the same amino acid has different influence on the
surface tension for planar and spherical interfaces. The curvature dependence of the
surface tension is modelled by a quadratic polynomial function of the inverse of droplet
radius, and such relationship is used to improve the Köhler equation in predicting the
critical water vapour supersaturation of the droplet activation.15

1 Introduction

Clouds, which are collections of small water drops or ice crystals in the atmosphere,
reflect and scatter incoming solar radiation and absorb outgoing heat radiation from
Earth, and for this reason play a major role in Earth’s weather and climate. The ex-
tensive marine stratiform cloud decks that cover the oceans of the world are poorly20

understood and are a large uncertainty for climate models (Solomon et al., 2007). Ma-
jor improvement to our understanding of climate depends on a better understanding of
these marine clouds (Wine, 2010). Cloud droplet activation starts when water vapour
condenses on an airborne aerosol particle, called a cloud condensation nuclei or CCN
(Twomey, 1974). The number, size, morphology and chemical composition of aerosol25

particles determine the number and sizes of cloud drops, and also cloud properties
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such as water content.
The process in which water vapour condenses and forms liquid cloud drops is based

on equilibrium thermodynamics and was first formulated by Köhler in 1936 (Köhler,
1936). It combines the Kelvin effect, which describes the change in saturation vapour
pressure due to a curved surface and is related to the ability of the CCN to reduce5

droplet surface tension through the presence of surfactants, and Raoult’s Law, which
relates the saturation vapour pressure to the solute. The water vapour supersatura-
tion at which the drop will grow without bound is called the critical supersaturation. The
diameter at which this happens is called the critical diameter. Recently it has been sug-
gested that the presence of atmospheric surfactants in CCN could reduce the vapour10

pressure of water over a solution droplet and result in an increase in the population
of cloud droplets with smaller size and hence change the microphysical properties of
clouds in making them reflecting incoming solar radiation more efficiently (Facchini
et al., 1999).

Typical levels of amino acid molecules as water-soluble organic nitrogen (WSON)15

compounds found in marine rain (Mopper and Zika, 1987) showed enrichment by two
orders of magnitude over typical seawater values. Spitzy (1990) reported amino acid
data from size fractionated aerosol collected in the northern Indian Ocean. He found
a several-fold enrichment of amino acid nitrogen in the submicrometer size fraction over
the coarse fraction. Moreover, production of amino acids from proteins and bacteria20

has been identified in Antarctic cloud water (Saxena, 1983). Blanchard and co-worker
(Blanchard, 1971; Blanchard and Syzdek, 1988) have long advocated that a significant
proportion of the remote oceanic aerosol is derived from bubble bursting. The bubbles
result from entrainment of air induced by wind stress at the air-water interface, which
produces primary aerosol particles in CCN sizes. In this process, bubbles scavenge25

not only sea-salt but also microorganisms and water soluble organic surface-active
compounds such as the WSON (Kuznetsov et al., 2005), as they rise through the wa-
ter prior to their injection into the atmosphere. That the amino acids can behave as
effective CCN has been confirmed by laboratory measurements (Kristensson et al.,
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2010). In addition to the above reports on WSON specific L-amino acids have been
identified in marine atmospheric samples, including alanine, arganine, glycine, pheny-
lalanine, proline, serine, and valine (Mace et al., 2003a–c; Wedyan and Preston, 2008;
Zhang and Anastasio, 2003; Malder et al., 2004).

A versatile theoretical approach to investigate liquid-gas interfaces at the molecular5

level is the molecular dynamics (MD) simulation technique, which has become more
and more useful due to the fast development of algorithms and computers. Starting
from the pioneer paper by Alejandre et al. (1995) MD simulations on surface tension
have been extensive for planar liquid-gas interfaces (Yeh and Berkowitz, 1999; Ismail
et al., 2006; Klauda et al., 2007; Chen and Smith, 2007; Yuet and Blankschtein, 2010).10

However, theoretical studies on spherical interfaces are relatively limited (Thompson
et al., 1984; Zakarov et al., 1997; van Giessen and Blokhuis, 2009; Sampayo et al.,
2010). Our previous work in this area has concerned MD studies on spherical liquid-
gas interfaces of atmospheric droplets (Li et al., 2010, 2011).

In this paper, we continue our work by employing the MD simulation technique to15

study atmospheric water droplets containing six types of L-amino acids: serine (SER),
glycine (GLY), alanine (ALA), valine (VAL), methionine (MET) and phenylalanine (PHE).
All these amino acids except methionine have been found in both marine and conti-
nental aerosol samples (Mace et al., 2003a–c; Wedyan and Preston, 2008; Zhang and
Anastasio, 2003; Malder et al., 2004). However, over the central Arctic Ocean, when or-20

ganic material was found to be present in film droplets associated with bubble bursting,
L-methionine of biological origin was suggested to be responsible for observed periods
of new particle formation (Leck and Bigg, 1999). Laboratory experiments showed that
L-methionine can form freshly nucleated particles (Leck and Bigg, 1999). However,
a verification of this particle formation route in the Arctic is still missing. L-methionine25

has an important role in the production of dimethyl-sulfoniopropionate (DMSP), an
osmo-, cryo-, and light-protecting agent in marine algae (Karsten et al., 1992). The
chemical structures of the six L-amino acids are shown in Fig. 1. For each type of
amino acid, the molecular distribution and orientation in the droplets are analyzed,
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spherical and planar liquid-gas interfaces investigated, the surface tension calculated,
and the curvature dependence of the surface tension formulated. The change of sur-
face tension induced by the presence of amino acids is also discussed in the framework
of Köhler theory (Köhler, 1936). We would like to point out that various ions exist in
seawater and therefore will likely occur in cloud droplets, and these ions may alter the5

hydrogen bonding network along with the amino acids and perhaps the distribution of
the amino acid molecules within the droplet. However, we did not include ions in our
study because we wish to identify the separate role of each amino acid in forming cloud
water droplets. With ions excluded we can obtain a clear relation between the property
and structure of each amino acid with that of the cloud water droplet. This will help the10

analysis of the droplet behaviour when the amino acids are mixed with each other and
with ions sourced from seawater.

2 Computational methods

2.1 Surface tension calculations

The surface tension for liquid-gas interfaces can be categorized into two cases, the15

spherical interface of liquid droplet and the planar interface of a liquid slab, which re-
quire different methodologies for their study. The surface tension for planar liquid-gas
interfaces is usually divided into two contributions, the original part σo and the disper-
sion correction σd. The original part can be calculated from the diagonal components
of the pressure tensor as described in the paper by Alejandre et al. (1995).20

σo =
1
2
Lz

[
Pzz−

1
2

(
Pxx+Pyy

)]
(1)

and the dispersion correction is

σd =12πεσ6(ρα−ρβ)2
∫ 1

0
ds
∫ ∞
rc

dr(3s3−s)r−3coth
(
rs
ξ

)
30923
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=12πεσ6(ρα−ρβ)2
∫ 1

0
ds
∫ 1/rc

0
dr ′(3s3−s)r ′coth

(
s
r ′ξ

)
(2)

where the substitution r ′ = r−1 has been used to perform the double integration on
finite intervals. For liquid mixtures, an average value of εσ6 is used as described in
our previous paper (Li et al., 2011). The liquid density ρα, gas density ρβ and fitting
parameter ξ are obtained from hyperbolic tangent fitting of the number density profile5

along the z-axis

ρ(z)=
1
2

(
ρα+ρβ

)
− 1

2

(
ρα−ρβ

)
tanh

(
z−z0

ξ

)
(3)

The surface tension of spherical interfaces can be evaluated from the Irving-Kirkwood
pressure tensor as demonstrated in previous papers (Thompson et al., 1984; Zakarov
et al., 1997; Li et al., 2010, 2011). The idea of the method is to compute the approxi-10

mate surface tension from the work of formation and the radius of the droplet

σ ≈ γ̃e =
3W

4πR2
e

(4)

where γ̃e is the so-called effective surface tension and has been proved to properly
describe the surface tension of atmospheric droplets (Li et al., 2010, 2011).

By using molecular dynamics simulation techniques it is convenient to obtain the15

radial number density profile which can be fitted to the hyperbolic tangent function, and
the radius of the equimolar surface is then derived from the fitted densities of the liquid
phase α and the gas phase β

ρ(r)=
1
2

(
ρα+ρβ

)
− 1

2

(
ρα−ρβ

)
tanh

(
r−r0

ξ

)
(5)

R3
e =− 1

ρα−ρβ

∫ ∞
0

r3 dρ(r)

dr
dr (6)20
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The work of formation is computed from the normal component of the Irving-Kirkwood
pressure tensor, PN(r). The profile of PN(r) is obtained as the sum of the kinetic term,
which is dependent on the radial density and the temperature, and the potential term,
which is computed from intermolecular forces

PN(r)= PK(r)+PU (r)=kBTρ(r)+S−1
∑
k

fk (7)5

W =2π
∫ Rβ

0

[
PN(r)−Pβ

]
r2dr =2π

∫ Rβ

0
PN(r)r2dr− 2π

3
PβR

3
β (8)

2.2 Molecular dynamics simulations

The planar liquid-gas interface was first set up for investigations through MD simu-
lations. For each type of amino acid, a cubic simulation box was constructed and
filled with 10 amino acid molecules and 1000 water molecules, and then the box was10

elongated three times along the z-axis to create the planar liquid-gas interfaces. After-
wards, more systems were set up to model the surface tension of spherical liquid-gas
interfaces for droplets. For each type of amino acid, three cubic boxes were set up and
filled with 10 amino acid molecules +1000 water molecules, 20 amino acid molecules
+2000 water molecules, and 50 amino acid molecules +5000 water molecules, respec-15

tively. Each box was then enlarged in three dimensions so that the length of the box
was 6.0 nm longer than the diameter of the droplet, in order to minimize the interaction
between the droplet and its periodic images. Here the diameter of the droplet was
estimated from the volume of the initial cubic box. The concentration of amino acids
in the droplet in this study (0.56 mol l−1) is a bit high compared with the typical values20

in marine rain, due to the fact that the number of water molecules in a droplet which
can be simulated is limited by our currently available computer resources. In order to
obtain statistically reliable results with limited simulation time, we therefore increased
slightly the number of amino acids in each cluster so that the statistical error due to the
limited time of simulations could be diminished.25
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The GROMACS program package (version 4.5.2) (van der Spoel et al., 2005; Hess
et al., 2008) was used to carry out the molecular dynamics simulations. The SPC/E
(extended simple point charge) water model (Berendsen et al., 1987) was employed,
with the two O-H bond lengths constrained at 1.0 Å by the LINCS (linear constraint
solver) algorithm (Hess et al., 1997; Hess, 2008) and the H-O-H angle kept flexible.5

The OPLS (optimized potentials for liquid simulations) all-atom force field (Jorgensen
et al., 1996) was used to model the amino acid molecules, with the bonds containing H
atoms constrained by the LINCS algorithm (Hess et al., 1997; Hess, 2008). All simu-
lations were performed in canonical (constant-NVT ) ensembles, with the temperature
maintained at 298 Kelvin by the Nosé-Hoover thermostat (Nosé, 1984; Hoover, 1985).10

Periodic boundary conditions were applied during the simulations. The van der Waals
interaction was modelled by the Lennard-Jones potential truncated at the cutoff radius
of 10 Å. The Coulomb interaction was evaluated by the Ewald summation, where the
real part of the potential is truncated at 10 Å and the reciprocal interaction is calculated
by the SPME (smoothed particle mesh Ewald) (Darden et al., 1993; Essmann et al.,15

1995) method with a mesh of reciprocal vectors of 1.2 Å in every direction and a spline
of the order of 4. The time step of the simulations was set to 2 fs. Each system was
subject to energy minimization and then a 3 ns simulation to reach equilibrium, and
another 2 ns simulation was carried out with trajectories saved every 0.2 ps for further
analysis.20

With the MD simulations completed and the trajectories recorded, molecular distribu-
tions and orientations of the amino acids were analyzed. Surface tension calculations
were also performed for both planar and spherical interfaces as described previously.
The curvature dependence of the droplet surface tension was fitted to a quadratic poly-
nomial function of the inverse of the droplet radius, and the Köhler theory was applied25

to gain insight into the effects of amino acids on the nucleation and growth of aerosol
droplets. According to the Köhler theory (Köhler, 1936), the supersaturation is deter-
mined from two competing terms; the Kelvin term, which is related to the curvature and
surface tension of the droplet, can decrease the ability of droplet nucleation, while the
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Raoult term increases the ability for droplet growth due to the solvation of aerosol com-
ponents inside the droplet. Specifically, an increase in the surface tension is expected
to increase the critical supersaturation at which the droplet is activated.

3 Results and discussion

3.1 Surface tension for planar interfaces5

Table 1 lists the calculated surface tension values for planar interfaces. The slope of
surface tension with respect to concentration, dσ/dC in mJ m−2 l mol−1, is evaluated
from the concentration of 10 amino acid molecules in 1000 water molecules, which
is equal to 0.56 mol l−1. It can be seen that SER, GLY and ALA are able to increase
the surface tension of the planar liquid-gas interface, while VAL, MET and PHE can10

decrease the surface tension, in qualitative agreement with experimental observations
(Pappenheimer et al., 1936; Bull and Breese, 1974). Although the computed dσ/dC
values of the amino acids differ from experimental results, it should be noted that the
measurements in Bull and Breese (1974) are performed in salt solution, where the
Na+ and Cl− ions might influence the surface tension. A comparison between the z-15

axial number densities of the amino acids is presented in Fig. 2. It can be seen that
SER, GLY and ALA tend to stay in the bulk phase of the solution, while VAL, MET and
PHE show sharp peaks at the surface. Still, the hydrophobic VAL molecules have the
chance to stay in the bulk solution, probably due to the limited surface-area-to-volume
ratio in planar interface simulations.20

3.2 Water droplets containing different amino acids

Figure 3a shows the snapshots for water droplets containing 5000 water molecules
and different amino acids: SER, GLY, ALA, VAL, MET and PHE. Among these amino
acids, the former three ones are hydrophilic and stay inside the droplets, while the latter
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three ones are hydrophobic and tend to concentrate on the droplet surface. Although
ALA has a hydrophobic methyl group as side-chain, the whole molecule still shows
hydrophilicity due to the presence of the −NH+

3 and the −COO− ions. Besides, it is
interesting to observe that PHE molecules are able to form an ordered structure on the
droplet surface, which is very stable during the simulation. A close view is shown in5

Fig. 3b, in which the hydrogen bond network among the phenylalanine molecules is
presented.

Further insight can be obtained from the radial number densities of the amino acids,
as shown in Fig. 4a, where SER, GLY and ALA have notable radial densities inside the
droplet, while the peak densities for VAL, MET and PHE appear on the droplet surface.10

GLY shows a much larger radial number density than SER and ALA in the region of
0.0< r < 0.5 nm, however, this region lacks statistics due to its small volume and gives
limited information about the distribution of the amino acid molecules. SER has a clear
density peak between radii of 0.5 and 1.0 nm, indicating its strong hydrophilicity. ALA
shows a higher density than GLY and SER in the region of 2.0< r < 2.5 nm, which can15

be attributed to the presence of the hydrophobic methyl group which drags the ALA
molecules towards the droplet surface. Moreover, it is interesting to examine the ori-
entation of the amino acid molecules in the droplets. Figure 4b illustrates the radial
number densities of the backbone and side-chain parts of the two amino acids, SER
and VAL. For the hydrophilic SER, no significant preference of molecular orientation is20

found. The number densities of the backbone and side-chain of the molecule leapfrog
over each other along the radius axis, reflecting the thermodynamic motions of the
SER molecules inside the droplet. On the contrary, for VAL a clear molecular orienta-
tion is observed on the surface, with the hydrophilic backbone staying inside and the
hydrophobic side-chain pointing outward.25

The orientation of amino acid molecules can also be reflected by the order param-
eter 〈3cos2θ−1〉/2 which characterizes the degree of order of a system. Here θ is
defined as the angle between the two vectors, O→Cα and Cα →Cβ, where O denotes
the geometrical center of the droplet, and Cα and Cβ are the α-carbon and β-carbon
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atoms in the amino acid molecule, respectively. For GLY, Cβ is represented by one
hydrogen atom on Cα. The computed order parameters are listed in Table 2. Not
surprisingly, the order parameters of both SER and GLY are very close to zero, in-
dicating that there is little correlation between the radial vector and the orientation of
the amino acid molecules. The order parameter of ALA is slightly larger than those of5

SER and GLY, reflecting the weak preference of orientation caused by the hydrophobic
effect of the methyl group. The hydrophobic VAL, MET and PHE have much larger
order parameters, the largest value of 0.5209 suggesting that PHE has the strongest
hydrophobicity.

The computed normal components of Irving-Kirkwood pressure tensors of water10

droplets containing 5000 water molecules and different amino acids are shown as PN(r)
curves in Fig. 5a. In the PN(r) profile of each droplet, a peak appears at the surface,
indicating the presence of surface tension. A difference can found at the height of
the peak, which is less than 50 kJ mol−1 nm−3 for SER, GLY and ALA and close to
55 kJ mol−1 nm−3 for VAL, MET and PHE. Since the work of formation is computed15

from the integrand PN(r)r2, variation in PN(r) value at large r will give rise to a large
difference in the work of formation and hence the surface tension. A direct comparison
between the PN(r) curves of SER and VAL is shown in Fig. 5b, where the PN(r) curve
for pure water is also presented as a dashed line. The hydrophilic SER molecules
which reside inside the droplet have a larger influence on PN(r) at small r , especially20

where r is around 1.0 nm. Although the PN(r) value for droplets containing SER is en-
hanced when r is smaller than 0.5 nm, comparing with that of pure water, it does not
contribute much to the work of formation due to the small value of r . On the contrary,
the hydrophobic VAL perturbs the PN(r) curve at the surface where r is large, and has
less notable effect on the PN(r) curve at smaller r . The ∆PN(r) curves are also plotted25

in Fig. 5b as the difference between the PN(r) values of the droplet containing amino
acid and the pure water droplet. In the surface region where r is between 2.5 nm and
3.5 nm, SER has an undulate effect on the PN(r) curve which is similar to GLY (Li et al.,
2011), while the presence of VAL results in a positive peak. From Eqs. (4) and (8) we
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see that the magnitude of surface tension is dependent on the integration over PN(r)r2;
therefore VAL is expected to increase the surface tension of the droplet. Although hy-
drophobic amino acids have similar structures to surfactants such as cis-pinonic acid
(Li et al., 2010), they have different effects on the surface tension of droplets.

3.3 Curvature dependence of surface tension and correction to the Köhler5

equation

Previous experience has shown that the curvature dependence of surface tension can
be modelled by a quadratic relationship between the surface tension σ and the in-
verse of droplet radius Re, with planar interface regarded as spherical interface with
infinite radius (Li et al., 2011). The fitted curves for the six types of amino acids are10

in the form σ = c0+c1/Re+c2/R
2
e , and are plotted in Fig. 6, with the coefficients c0,

c1 and c2 listed in Table 3. Here Re is the radius of the droplet (in nm) and σ is
the surface tension (in mJ m−2). Note that the equations for amino acids are valid
at the concentration of 0.56 mol l−1. By shifting the value of σW at infinite Re to ex-
perimental value (Kristensson, 2010) of 72.4 mJ m−2 and assuming that the amino15

acid-induced deviation in surface tension depends linearly on the concentration, as
observed in experiments (Pappenheimer et al., 1936; Bull and Breese, 1974) we can
obtain the formula for evaluating the surface tension of droplet containing amino acid
as σ =σW + [(c0−65.45)+(c1−50.66)/Re+(c2+100.00)/R2

e ]×C/0.56, where C is the
concentration of the amino acid in mol l−1, and σW =72.4+50.66/Re−100.00/R2

e .20

A useful formula of the Köhler theory is expressed as (Bilde and Svenningsson,
2004; Rosenørn et al., 2006).

s≡ p
p0

=awexp

(
4Mwσ
RTρDp

)
(9)

where s is the saturation ratio, p is the vapour pressure of water over a droplet, p0 is the
water vapour pressure over a flat surface of pure water, aw is the water activity of the25
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solution, Mw is the molar mass of water, σ is the surface tension, R is the gas constant,
T is the temperature, ρ is the density of the solution, and Dp is the droplet diameter. The
water vapour supersaturation, which is of interest in the activation processes of aerosol
particles, is equal to s−1. Figure 7 shows the Köhler curves for dry amino acid particles
with diameters of 50 nm, from which the critical supersaturation can be determined as5

the peak supersaturation. All parameters except the droplet surface tension were taken
from the paper by Kristensson et al. (2010). By applying surface tension correction to
the Köhler curves, the critical supersaturations are slightly increased for all the six types
of amino acids, and therefore in better agreement with experimental results for GLY and
SER (Kristensson et al., 2010). The predicted critical water vapour supersaturations10

are listed in Table 4.
It should be noted that we did not take into account the limited solubility of the amino

acids in this work. According to the experimental results by Kristensson et al. (2010),
most amino acids act as if they are fully water-soluble, except for L-methionine and L-
tyrosine. Moreover, in real atmospheric particles the proportion of amino acids would15

be low enough (for instance < 20 %) for them to act as fully soluble components and
effective CCN materials (Kristensson et al., 2010). Therefore, we here disregard the
factor of limited solubility and focus on the surface tension correction to the Köhler
curves. Somewhat surprisingly, all the six amino acids studied in this work show posi-
tive effects on the water vapour critical supersaturation, regardless of their hydrophilic-20

ity or hydrophobicity. The reason is that the surface tension of a droplet is enhanced
by its curvature, according to the quadratic dependence on the inverse of droplet ra-
dius, while the decrease of surface tension induced by the presence of hydrophobic
amino acids cannot match the former effect. As a result, the slightly enhanced sur-
face tension will increase the critical water vapour supersaturation for activation, which25

could (at least partially) explain the underpredicted critical supersaturation of the mixed
particles containing L-tyrosine or L-methionine by Köhler theory.
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4 Conclusions

We have presented molecular dynamics simulation studies on atmospheric droplets
containing L-amino acids: serine, glycine, alanine, valine, methionine and phenylala-
nine. The simulation results show that the former three amino acids are hydrophilic
while the latter three ones are hydrophobic, according to the radial distribution of the5

molecules in droplets. The hydrophilic amino acids tend to stay in the bulk of the
droplet, while the hydrophobic amino acids are found to concentrate on the surface,
with the hydrophilic −NH+

3 and −COO− groups staying inside the droplet and the hy-
drophobic side-chain pointing outward. For droplets containing 5000 water molecules
and 50 amino acid molecules, the perturbations on surface tension induced by hy-10

drophilic amino acids are relatively small (within 3 %), while the hydrophobic amino
acids are able to largely increase the surface tension (up to 24 %). Interestingly, pheny-
lalanine can form an ordered structure on the droplet surface with the help of −NH+

3
and −COO− ions and the phenyl side-chain.

The surface tension of planar liquid-gas interface was also investigated. Due to15

the limited surface-area-to-volume ratio, a fraction of the hydrophobic amino acid
molecules is embedded in the bulk phase and the surface tension is slightly decreased,
contrary to the results for droplets. The hydrophilic amino acids are found to somewhat
increase the planar surface tension, in agreement with experimental observations. With
the computational results of both planar and spherical interfaces, the curvature depen-20

dence of the surface tension is modelled by fitting to a quadratic polynomial function of
the inverse of droplet radius. The obtained relationship is then used to discuss the in-
direct effects of amino acids in the framework of Köhler theory. For serine and glycine,
the critical supersaturations are both increased after applying the surface tension cor-
rection, resulting in slightly better agreement with laboratory measurements. Although25

this correction is relatively small in the here studied cases, our method provides the
possibility of incorporating the curvature dependence of droplet surface tension in at-
mospheric studies, which could help to improve the accuracy of the Köhler equation in
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predicting the critical water vapour supersaturation of the activation process of cloud
droplets.
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Table 1. Calculated surface tension-concentration slope for planar liquid-gas interface, together
with experimental data. Here σ is in mJ m−2 and dσ/dC in mJ m−2 l mol−1. For pure water, σ
is equal to 65.63 mJ m−2 (Karsten et al., 1992).

Compound σ dσ/dC Pappenheimer Bull and Breese
et al. (1936) (1974)

SER 66.33 1.25 0.76
GLY 66.17 0.96 0.92 1.12
ALA 67.09 2.61 0.58 0.96
VAL 64.96 −1.20 −3.74
MET 65.03 −1.07 −3.01
PHE 64.01 −2.89 −17.28

30937

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/30919/2011/acpd-11-30919-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/30919/2011/acpd-11-30919-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 30919–30947, 2011

Amino acids in
atmospheric droplets

X. Li et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Calculated order parameter of the amino acids in water droplets containing 5000 water
molecules.

Compound Order parameter

SER 0.0006
GLY 0.0027
ALA 0.0145
VAL 0.4421
MET 0.4319
PHE 0.5209
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Table 3. Fitted coefficients for quadratic polynomials: σ = c0 +c1/Re +c2/R
2
e (σ is in mJ m−2

and Re in nm).

Compound c0 c1 c2

Water 65.45 50.66 −100.00
SER 66.31 28.18 −62.29
GLY 66.27 56.92 −132.71
ALA 67.06 26.70 −56.61
VAL 64.72 125.90 −212.26
MET 64.77 160.73 −263.97
PHE 64.15 105.15 −129.33
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Table 4. Critical supersaturation predicted by Köhler equation without and with surface tension
correction.

Compound Original (%) Corrected (%) Kristensson et al. (2010)

SER 0.658 0.667 ∼0.800
GLY 0.546 0.553 ∼0.650
ALA 0.634 0.646
VAL 0.774 0.783
MET 0.835 0.849
PHE 1.150 1.163
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Fig. 1. Chemical structures of the L-amino acids.
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Fig. 2. Axial number densities of the six types of amino acids in planar interface simulations.
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(a)

(b)

Fig. 3. (a) Snapshots for water droplets containing different amino acids. (b) Hydrogen bond
network in phenylalanine molecules on droplet surface.
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(a)

(b)

Fig. 4. (a) Radial number densities of different amino acids in droplets containing 5000 water
molecules. (b) Molecular orientation of serine and valine in droplets.
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(a)

(b)

Fig. 5. (a) Normal components of Irving-Kirkwood pressure tensors in water droplets containing
5000 water molecule and different amino acids. (b) PN(r) curves for water droplets containing
serine and valine in comparison with pure water droplet.
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(a)

(b)

Fig. 6. Curvature dependence of surface tension of (a) droplet containing hydrophilic amino
acid molecules and (b) droplet containing hydrophobic amino acid molecules.
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Fig. 7. Original (full lines) and corrected Köhler curves (dashed lines) for the six types of amino
acids (dry particle diameter=50 nm).
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