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In the present molecular dynamics simulations we study the chemical warfare agent sulfur mus-
tard (bis(2-chloroethyl) sulfide) and the alkane heptane inserted into a dipalmitoylphosphatidylcholine
(DPPC) bilayer, a generic model for a biological membrane. We investigate the diffusion, the orientation,
the preferred positioning, and the end-to-end distance of the solutes within the membrane as well as
the corresponding coupling times. We compare results of equilibrium simulations and simulation at dif-
ferent external forces, which drag the solutes through the membrane. These properties lead to a general
ulfur mustard
ustard gas
PPC
enetration
iffusion
olecular dynamics

comparison of the rotational and translational behaviors of the two solutes during the penetration of the
membrane. We show that sulfur mustard, due to its atomic charge polarization, its bigger flexibility and
its smaller molecular volume, is the faster moving molecule within the membrane. In last consequence,
we show that this leads to different limits for the transport mechanism as observed in these simulations.
For heptane the hindrance to penetrate into the membrane is significantly higher than for sulfur mustard.
In contrast to heptane molecules, which spend the most of the time penetrating the tail groups, sulfur

to e
mustard needs more time

. Introduction

Although French, German and British chemists were working
ith sulfur mustard (bis(2-chloroethyl) sulfide, CAS number 505-

0-2) in the 19th century [1], the oily liquid became famous in the
0th century under the names mustard gas and yperite as a persis-
ent chemical warfare agent which was first used by the Germans to
in a tactical victory against English troops in the battle near Ypres

n 1917 during World War I. The warfare agent caused many deaths
ut far more painful casualties for which it became famous [2]. Dur-

ng the 20th century sulfur mustard was used in military conflicts
y many nations around the world. The most recent documented
sage of sulfur mustard was in 1988 against the Kurds in Iraq. Cur-
ently several nations still have old stocks of sulfur mustard [3]. The
ost recent official declaration of previously unreported stockpiles
as made by Libya in 2004 [1].

At room temperature sulfur mustard is a oily fluid. Due to impu-
ities weaponized sulfur mustard is brownish (yellow to black) with

slight odour of garlic, mustard and rubber. Pure C4H8Cl2S is a col-
rless viscous liquid with a melting point at 14 ◦C. Sulfur mustard is
arely soluble in water while it has a high solubility in organic sol-
ents like acetone and ether, fats and oils. [4,5] Exposure to sulfur

∗ Corresponding author. Tel.: +49 6151 16 5289; fax: +49 6151 16 6526.
E-mail address: t.mueller@theo.chemie.tu-darmstadt.de (T.J. Müller).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.01.140
scape the tail group–head group interface of the membrane.
© 2009 Elsevier B.V. All rights reserved.

mustard causes skin and eye injuries and can also damage the res-
piratory system. Since sulfur mustard is a potent alkylating agent,
it causes vesication of epidermal surfaces (blisters). At high dose
exposure, it is genotoxic, mutagenic and carcinogenic. This toxic-
ity is related to the ability of sulfur mustard to spontaneously form
onium compounds which react with electron rich sulfhydril (–SH)
and amino (–NH2) groups of proteins, nucleic acids and other tissue
macromolecules [6].

The severe impact of sulfur mustard on the human health
comprise the majority of the work published in peer-reviewed liter-
ature. Detection, description of poisoning effects and treatment are
a major part of the contributions. Physicochemical contributions,
however, are quite sparse. Recently, Shukla et al. performed quan-
tum calculations on the reaction path of nitrogen mustard derivates
on DNA [7]. While the reaction schemes for reactions within the cell
have been studied in detail, there is, to our best knowledge, no study
about the transport mechanisms. The dependence of the toxicity on
the intake path (oral, inhalation, dermal and eye) is well known but
how the molecules get into the cells, where they attack DNA, is not
reported. General knowledge about the membrane penetration of
sulfur mustard is also important for the decontamination process,

since often emulsions or more recently microemulsions [8] are used
as decontamination agents.

This work starts investigating the transport process at a basic
level. To act as an alkylating agent, the molecule has to travel
across several membranes to get to the DNA. Since membranes are

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:t.mueller@theo.chemie.tu-darmstadt.de
dx.doi.org/10.1016/j.jhazmat.2009.01.140
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calculating distributions, the first two properties do not need any
further modification. The orientation angle to the axis is different,
ig. 1. Schematic specification and naming convention of the simulated molecules.

enerally barriers to transport processes, we investigate in this
omputer simulation some aspects of the physicochemical behavior
f sulfur mustard molecules in a model dipalmitoylphosphatidyl-
holine (DPPC) bilayer membrane, like their orientation, their
referred localization, and the forces required to move them.
or reference, we compare these results to the structurally
omparable n-heptane molecules in the same DPPC membrane
cf. Fig. 1).

For this type of study computer simulations, in our case molec-
lar dynamics, provide several advantages. They are not only
azardless to execute, but also allow the necessary detailed insight

nto the system at the atomistic level. Computer simulations are a
ell established and often used method to study small molecules
ithin membranes. Next to water, which is one of the most inves-

igated molecules [9–11], because it is also of importance as the
olvent of biological membrane systems, other relevant biological
olecules like different sugars [12–14], helical structures [15], or

naesthetics [16] are topics of recent research. Computer simula-
ions are often used to characterize the interactions between small

olecules and biological membranes [17,18] and gas permeability
ith and without channels [19].

The present work is aimed at a qualitative understanding of the
icroscopic structures and processes only, as for the most part,

here are no experimental values of sufficient accuracy to com-
are with. The understanding of motion patterns is important.

secondary goal is the investigation and elucidation of quali-
ative differences between the semi-hydrophobic sulfur mustard,
hich contains a few hetero atoms and the completely hydropho-

ic n-heptane. Using a united atoms approach for this study both
olecules consist of seven atoms and are also comparable in size.

ut the force field description of the two molecules differ sig-
ificantly in their partial charges (which sulfur mustard has and
eptane has not). As we are at present not after quantitative

ransport coefficients, we use off-the-shelf force field parameters
ithout further optimization, which are deemed good enough for

oth objectives.
ardous Materials 168 (2009) 13–24

2. Method

The simulation package which was chosen for this investigation
is YASP, which was initially written by Müller-Plathe [20] and has
recently been parallelized by Tarmyshov and Müller-Plathe [21].

The motion of the atoms in this program is based on a potential
built of six different parts [22]:

Vtot = VLJ + VCoulomb + Vangle + Vtorsion + Vhd + (Vbond) (1)

the non-bonded potentials were based on Lennard–Jones inter-
action VLJ (applying the Lorentz-Berthelot mixing rules [23]) and
the Coulomb interaction of partial charges VCoulomb. The trunca-
tion error induced by using a cutoff radius was reduced applying
a reaction field correction. Of the bonded potentials we used the
harmonic angle potential Vangle, the harmonic dihedrals potential
Vhd, and the cosine based torsion potential Vtorsion while we did not
use the harmonic bond potential but fixed the distances between
bonded atoms using the SHAKE algorithm [24].

To change from simulations at constant number of particles, con-
stant volume and constant energy (NVE) to simulations at constant
temperature (NVT) a Berendsen thermostat was applied to couple
the system temperature to an external bath. To perform simula-
tions at constant pressure (NPT) instead of constant volume we use
additionally a Berendsen manostat [25].

In addition to equilibrium simulations, YASP also allows the user
to apply constant external forces F to selected atoms. This method
has previously been applied to study the gas sorption and transport
of small gas molecules in polyisobutylene [26]. Here it is applied to
study the transport of heptane and sulfur mustard in an inhomoge-
neous system. The external forces are balanced in a way to conserve
the total linear momentum and to avoid a drift of the system. The
system responds with a flux of molecules J (which depends on the
simulation box volume V, and the velocity of the particles vi) to the
applied external force (here applied in the z direction). From this
flux the diffusion coefficient D can be calculated, knowing the Boltz-
mann constant kB, the number density � of the penetrant molecules,
the temperature T, and the external force Fz [22,27]:

J = 1
V

∑

i

(−1)ivi (2)

Dzz = kBT

�Fz
〈J(t → ∞)〉 (3)

This description will be compared to the diffusion coefficient
calculated from the mean square displacement in equilibrium sim-
ulations using the Einstein relation:

D = 1
2dim

lim
t→∞

d

dt
〈|r(t) − r(0)|2〉 (4)

In this expression t is the time, r are the coordinates of the atoms
and, when treating small molecules, the molecule’s center of mass.
Finally, dim is the number of spatial dimension accessible to the
diffusing particle. While in homogeneous bulk the particle can dif-
fuse in all three dimensions (dim = 3), it is inhibited in a bilayer to
wander in the z direction (dim = 2).

We are looking at three different properties of the solutes in
this paper: the position of a molecule, which was always character-
ized by the central atom (S in sulfur mustard, and CH2 at position
4 in heptane), the end-to-end distance (ee), and the angle of the
molecule to the z axis (the axis perpendicular to the membrane),
which is calculated from the end-to-end vector and the z axis. For
since projecting the total orientation onto the z axis neglects the ori-
entation in x and y directions. There are more possible orientations
perpendicular to the z axis, than along it. To correct this effect of the
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Table 1
Parameterization of the DPPC membrane.

Atom/group Codea Mass m [g mol−1]b LJ epsilon ε [kJ mol−1]b LJ sigma � [nm]b Charge q [e]b

CH3 A 15.035 0.8672 0.3748 0
B 15.035 0.8672 0.3748 0.4

CH2 C 14.027 0.4105 0.407 0
D 14.027 0.4105 0.407 0.3
E 14.027 0.4105 0.407 0.4
F 14.027 0.4105 0.407 0.5

CH 13.019 0.09489 0.5019 0.3
C G 12.011 0.4059 0.3361 0.7

H 12.011 0.4059 0.3361 0.8

N 14.0067 0.8768 0.2976 −0.5
P 30.9738 2.4467 0.3386 1.7

O I 15.9994 1.1011 0.2871 −0.6
J 15.9994 1.1011 0.2871 −0.7
K 15.9994 1.1011 0.2871 −0.8
L 15.9994 1.725 0.2626 −0.7
M 15.9994 1.725 0.2626 −0.8

Bondc Bond length b [nm] Torsion Multiplicity Phase shift � [◦] ktorsion [kJ mol−1]

CHx–Nd 0.147 CH2–CH2–CH2–CHx
d 3 0 11.84

CH2–CHx
d 0.153 C–CH2–CH2–CH2 3 0 11.84

CHx–Od 0.143 CH3–N–CH2–CH2 3 0 7.54
P–O 0.161 N–CH2–CH2–O 3 0 11.72
P O 0.148 CHx–CH2–O–Pd 3 0 7.54
C–O 0.133 CH2–O–P–O 3 0 2.1
C O 0.123 O–CH2–CH–CH2 3 0 11.84
C–CH2 0.148 C–O–C–CH2 2 180 33.4

CHx–CHx–O–Cd 3 0 7.54
O–C–CH2–CH2 6 0 2

Angle Angle ˛ [◦] kangle [kJ mol−1 rad−2] Harmonic dihedral Phase shift � [[◦]] kdih [kJ mol−1 rad−2]

CH2–N–CH2 109.5 420 O–C–O(I,L)–CH2 0 0.51
Y–CH2–CH2

e 111 530
CH2–O–P 120 530
O–C–CH2 113 545
O C–CH2 125 750
O–C O 122 700
CHx–O–Cd 117 635
CH2–CH–O,CH2 109.5 520
O–P O 109.6 450
O–P–O 103 420
O P O 120 780

a Different parameterization of the same atom/atom groups at different positions corresponding to Fig. 1.
b For non-bonded interactions first, second, and third neighbor interactions have set to 0.
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c All bonds have been constrained to their average value using the SHAKE algorit
d CHx is CH, CH2, or CH3.
e Y is N, C, CH2 or O.

etric, the net orientation is divided by the sine of the orientation
ngle.

To quantify the molecular dynamical behavior of the solutes
angles to the z axis, end-to-end distances (the length of the end-to-
nd vector), and the z coordinate of the molecules, which defines
heir position along the membrane normal), the autocorrelation
unctions A(t) for these properties have been evaluated:

(t) = 〈(a(0) − 〈a〉)(a(t) − 〈a〉)〉
(�(a))2

(5)

In this notation a symbolizes the quantity in question, a(t) the
pecific value of this quantity at time t and � its variance. The
utocorrelation functions have been least-squares fitted to an expo-
ential:
(t) = e−t/�corr (6)

The fitting parameters �corr are reported as the corresponding
orrelation times.
th a maximum allowed number of 500 cycles and a tolerance of 10−6.

3. Computational details

3.1. Force fields

Since the goal of this work is not to calculate hard numbers,
but to see tendencies and principles as a first step to understand
the transport of sulfur mustard-like molecules, we forwent a new
parameterization of a new lipid force field and translated the exist-
ing united atom bilayer force field GROMOS96 45A3 A [28] into
the YASP functional form. This leads to the parameters reported in
Table 1.

The definition of the potentials in GROMOS and in YASP
is similar, so that we expected the behavior of our mem-
brane to be comparable to the GROMOS one. Nevertheless there

are two differences. While the GROMOS implementation works
with flexible bonds the YASP adoption works with constrained
bonds which where fixed to their average value using the
SHAKE algorithm. The calculation of the electrostatic interac-
tions in YASP uses a single atomic cutoff plus a reaction-field
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Table 2
Force field parameters of sulfur mustard and heptane.

n-Heptane Sulfur mustard

Mass [g mol−1] mCH3 = 15.023475 mCl = 35.453
mCH2 = 14.01565 mCH2 = 14.01565

mS = 32.06

ε [kJ mol−1]a εCH3 = 0.914 εCl = 1.25556
εCH2 = 0.54 εCH2 = 0.40587

εS = 1.90587

� [nm]a �CH3 = 0.391 �Cl = 0.346982
�CH2 = 0.393 �CH2 = 0.33611

�S = 0.3330768

Partial charge [e]a qCH3 = 0 qCl = −0.174487
qCH2 = 0 qCH2 = 0.140655b

qCH2 = 0.164474c

qS = −0.261284

Bond length [nm] bCHx–CHx = 0.153d bCl–CH2
= 0.1767

bCH2–CH2 = 0.1541
bCH2–S = 0.181

Angle [◦] ˛CHx–CHx–CHx = 109.47d ˛CHx–CHx–CHx = 109.47

kangle [kJ mol−1 rad−2] kCHx–CHx–CHx = 520d kCl–CH2–CH2
= 484

kCH2–CH2–S = 545
kCH2–S–CH2 = 475

ktorsion [kJ mol−1 rad−2]e kCHx–CH2–CH2–CH2 = 11d kCl–CH2–CH2–S = 5.92
m = 1, � = 0 m = 1, � = 180

kCHx–CH2–CH2–CH2 = 6.5d kCH2–CH2–S–CH2 = 5.92
m = 2, � = 0 m = 1, � = 180

kCHx–CH2–CH2–CH2 = 9.6d

m = 3, � = 0

a Intramolecular 1–2, 1–3 and 1–4 interactions have been omitted totally.
b CH2 next to the chlorine atom (at positions 2 and 6).
c CH2 next to the sulfur atom (at positions 3 and 5).
d CHx may be CH2 or CH3.
e In order to reduce any ambiguous influences, which do not come from the non-
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onded forces, in the non-equilibrium part of this study, all torsions have been
educed to zero.

orrection instead of charge groups which GROMOS takes into
ccount.

The parameterization of the united atom force field for sulfur
ustard (Table 2) was derived from several sources. The non-

onded Lennard–Jones interactions were transferred form the
ROMOS96 force field [29], while bond lengths between atoms
ere taken from the CRC handbook [30]. The point charges on

he atoms have been derived using a density-functional calcula-
ion (B3LYP) executed with the Gaussian 03 program version B.01
31] using a 6-311G(2d,2p) basis set. In order to estimate average
artial charges for the parameterization of the sulfur mustard force
eld we averaged the atomic partial charges derived by the built in
HELP algorithm of the all-trans conformation and of the gauche
onformation of the 2–3 bond of the molecule. The geometry of the
olecule was defined by the average values for bonds and angles

erived above. To change form an all atom model to the united
toms model we included the charges of aliphatic hydrogen atoms
nto their parent carbons. The equilibrium bond angles and the asso-
iated force constants for angular vibration were again transferred
rom GROMOS96 [29].
.2. Simulation setup

For this study, several equilibrium and non-equilibrium simula-
ions have been performed. This section deals first with the setup
f the equilibrium simulations, followed by the setup of the non-
quilibrium simulations.
ardous Materials 168 (2009) 13–24

3.2.1. Pure sulfur mustard
900 sulfur mustard molecules have been equally distributed on

a grid in a cubic box with a side length of 7.741 nm. The equilibra-
tion was performed with a cutoff of 0.8 nm, a neighbor list with
a cutoff of 1.0 nm which was updated every 15 time steps, and a
time step of 2 fs. The simulation was performed at constant NVT
conditions enforced using a Berendsen thermostat with a target
temperature of Ttarg = 300 K and a temperature coupling time of
�T = 0.2 ps. After 10,000 time steps, the temperature already reached
the target temperature and fluctuated during the next 10,000 time
steps with a standard deviation of 3 K. Switching to constant pres-
sure (NpT) simulations using a Berendsen manostat with a target
pressure ptarg = 101.3 kPa and a pressure coupling time of �p = 3 ps
was followed by another equilibration of 10,000 time steps. The
subsequent production ran with a less pressure-constrained sys-
tem (in order to avoid artifacts from too small coupling constants
�p was set to 5 ps in the production runs of all systems) for a total
time of 6 ns while writing out trajectory data every 1 ps.

3.2.2. Pure heptane
400 molecules were equally distributed on a grid in a cubic

box with side length 7.741 nm. The equilibration was also first per-
formed for 10,000 time steps using a constant volume, constant
temperature simulation (Ttarg = 300 K, �T = 0.2 ps) with a cutoff of
0.8 nm, a neighbor list with a cutoff of 1.0 nm which was updated
every 15 time steps, a time step of 2 fs. Another equilibration simu-
lation for 10,000 time steps at constant temperature and pressure
(ptarg = 101.3 kPa and �p = 1.5 ps) was finally followed by the evalu-
ation simulation which was performed for 6 ns keeping the same
parameter setup except the pressure coupling constant which was
increased to �p = 5 ps. Every 1 ps, coordinates, velocities, and inter-
mediately evaluated values were written into files.

3.2.3. Sulfur mustard and heptane in water
The initial startup configuration for these simulations was an

equilibrated water box consisting of 1500 extended simple point
charge (SPC/E) [32] water molecules. We introduced one heptane
molecule into this box and equilibrated it using a cutoff of 1.2 nm,
a neighbor list with a cutoff of 1.4 nm and an update frequency of
every 5 time steps. The reaction field dielectric constant was set to
72 (the value for water). Temperature was controlled by a Berendsen
thermostat (Ttarg = 325 K, �T = 0.2 ps) and pressure by a Berendsen
manostat with ptarg = 101.3 kPa and �p = 1.0 ps. Spurious drift was
removed from the system every 1000 time steps, while the trajec-
tories and calculated data were written out every 1 ps for sulfur
mustard and every 0.4 ps for heptane. Using a time step of 2 fs, the
equilibration was performed for 1 ns guaranteeing a constant total
energy and a constant density.

Switching the force field parameters of the heptane molecule to
those of sulfur mustard and performing another equilibration with
the same parameters just mentioned led to the starting coordinates
for the water/sulfur mustard system.

The production runs for both systems were performed with the
same parameterization as in the equilibration. They ran for a total
simulation time of 15 ns.

3.2.4. DPPC bilayer
The bilayer was constructed from two DPPC monolayers and

3655 SPC/E water molecules. A monolayer was built from 64
all-trans DPPC molecules arranged on an equally spaced 8 × 8 grid
(molecules oriented perpendicular to the xy plane) with total side

length l = 6.25 nm. To produce the starting box, the two layers were
positioned tail against tail and the cuboid box was filled with 3655
SPC/E water molecules. They were again put on a grid, so that the
dimension of the whole box became 6.25 nm × 6.25 nm × 8.74 nm.
This structure was first relaxed with several very short
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In Fig. 2 a density profile of the DPPC membrane in equilibrium
without any solute is displayed. We also show the partial densities
of specific atom types. Depending on the application of different
criteria, the membrane thickness dmem differs. The average dis-
tance between the density peaks yields a membrane thickness of
T.J. Müller, F. Müller-Plathe / Journal

imulations (1000 time steps) at constant volume and con-
tant energy: The initial temperature was 325 K, the cutoff was
.8 nm using a reaction field dielectric ε = 54 [28], the neighbor list
utoff was 1.0 nm, and the neighbor list was updated every 15 time
teps. The time step was stepwise increased from 10−13 to 10−4 ps.
fter each run, the velocities of the atoms were reinitialized for the
ext run from a Boltzmann distribution at the target temperature.
his procedure was repeated with a time step of 0.2 fs including
he Berendsen thermostat with Ttarg = 325 K and �T = 0.2 ps until the
emperature sank below 400 K. The temperature relaxation was
nished with a simulation of 10,000 time steps with a time step of
fs. Then the system was shifted to constant pressure calculations
dditionally using independent Berendsen pressure coupling for
ach Cartesian direction (compressibility � = 2.77 × 10−7 kPa−1). In
first run of 1000 time steps of 2 fs, the system was forced to com-
act in z direction (px,targ = py,targ = 101.3 kPa with �p,x = �p,y = 500 ps
nd pz,targ = 1101.3 kPa with �p,z = 5 ps). At the end of this calculation
e removed the atomic velocities again. The following longer sim-
lation (10,000 time steps) with the same parameterization was
ollowed by one with px,targ = py,targ = 101.3 kPa with �p,x = �p,y = 50 ps
nd pz,targ = 601.3 kPa with �p,z = 5 ps. Finally an equilibration
f 2.2 ns followed with equal parameters for all directions
px,targ = py,targ = pz,targ = 101.3 kPa with �p,x = �p,y = �p,z = 0.5 ps).

.2.5. Inserting small molecules in the membrane system
The solutes have been inserted into the equilibrated membrane

ox using a slow growth type procedure. In order to obtain a starting
onfiguration for the simulations with solutes within the mem-
rane, five heptane molecules were equally distributed in the xy
lane in the middle of the membrane and oriented perpendicular
o the z-axis. For the simulations with the solute molecules outside
he membrane and for the non-equilibrium simulations two hep-
ane molecules have been inserted correspondingly in the middle
f the water phase.

The insertion procedure was always the same. We performed a
eries of consecutive simulations at constant temperature and con-
tant volume which had the following simulation parameters in
ommon: a cutoff of 0.8 nm, a neighbor list cutoff of 1.0 nm, which
as updated every 15 time steps, and parameters for the Berendsen

hermostat, Ttarg = 325 K and �T = 0.2 ps. During a total simulation
ime of 110 ps with increasing simulation time step from 0.2 to 2 fs,
he non-bonded interactions (Lennard–Jones and Coulomb inter-
ctions) of the solutes were stepwise increased from zero to their
ull values reported in Table 1. This growth period was followed by
nother equilibration simulation of 8 ns.

Preliminary studies showed that sulfur mustard molecules
ave the tendency to aggregate with each other within the
embrane—an effect which is beyond the scope of this work.

herefore, we reduced the number of solutes using the procedure
escribed above to obtain systems with only one molecule for the
ulfur mustard equilibrium simulations and with two molecules for
ll non-equilibrium simulations.

The insertion/growth procedure described above has always
een performed with the heptane molecules. To generate start-

ng configurations for systems containing sulfur mustard, we just
hanged the LJ parameters and partial charges of the corresponding
eptane simulation into the ones of sulfur mustard. Then, keeping
he same simulation setup as described above, another equilibra-
ion of 300,000 time steps (6 ns) was performed for this system.

The production runs used the parameterization already shown:

cutoff = 0.8 nm, a neighbor list updated every 15 time steps with a
utoff of 1.0 nm, Ttarg = 325 K, �T = 0.2 ps, ptarg = 101.3 kPa, �p = 0.5 ps,
nd a time step of 2 fs. For evaluation purpose the coordinates
nd velocities were written into a trajectory file every 1000 time
teps.
ardous Materials 168 (2009) 13–24 17

3.2.6. Equilibrium simulations of sulfur mustard and heptane in
the DPPC bilayer system

The four different systems (sulfur mustard and heptane each in
the water phase and in the tail region of the DPPC system) were
simulated with the same parameters: cutoff radius rcutoff = 1.2 nm
with a reaction field dielectric ε = 54, neighbor list cutoff 1.4 nm
(updated every 15 time steps), Ttarg = 325 K with �T = 0.2 ps,
diagonal pressure control (�x = �y = �z = 2.77 × 10−7 kPa−1 and
px,targ = py,targ = pz,targ = 101.3 kPa with �p,x = �p,y = �p,z = 0.5 ps), and a
time step of 2 fs. Results and trajectories were written into files
every 1000 time steps.

3.2.7. Non-equilibrium simulations of sulfur mustard and
heptane in the DPPC bilayer

The non-equilibrium simulations were performed with the
same simulation parameters as employed in the corresponding
equilibrium simulations. As starting configurations, we used the
output of the simulations with two molecules of sulfur mustard
or heptane in the water phase of the DPPC system. In addition to
the system parameters mentioned above we applied in each time
step an external force in the +z direction to one of the two solute
molecules and in the −z direction to the other. The symmetrical
force is necessary to prevent a net drift of the system. The total force
on each molecule was distributed equally among all its atoms.

With both systems we ran simulations at total external
forces (per one molecule) of 10, 20, 30, 50, 100, 120, 150 and
200 kJ mol−1 nm−1 (equal to 16.6, 33.2, 49.8, 83.0, 166.1, 199.3, 249.1,
332.1 pN). Generally, these simulations were performed for a total
simulation time of at least 20 ns. Exceptions as well as the exact
simulation times are reported in Section 4.

To check the influence of charges and size of the atoms, we also
simulated two hypothetical molecules: a molecule of sulfur mus-
tard constrained to have a polarity identical to that of heptane (zero
partial charges), and a molecule of heptane constrained to have
a polarity identical to that of sulfur mustard. With each of these
parameterizations we performed simulations with a total external
force per molecule of 10, 50, 100 and 200 kJ mol−1 nm−1.

4. Results and discussion

4.1. Characterization of the membrane system
Fig. 2. Characterizing the membrane: density profiles of different atom types. On the
basis of these profiles different membrane thicknesses d can be defined: d = 4.43 nm
between the points of equal densities of water and lipid, d = 4.079 nm between the
maxima of the phosphorus position.
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Table 3
Calculated tracer diffusion coefficients D of the molecules in equilibrium simulations.

System and temperature D (heptane) [10−6 cm2/s] D (sulfur mustard) [10−6 cm2/s] D (water) [10−6 cm2/s] D (DPPC in bilayer)a [10−6 cm2/s]

Pure system, 300 K 17.2 ± 0.6 15.9 ± 1.0 23.6 ± 1.2 –
Solute in water, 300 K 18.5 ± 3.4 18.7 ± 2.7 23.6 ± 1.2 –
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in the middle of the sulfur mustard molecule lower than the torsion
barrier around the corresponding C–C bond in heptane. Less torsion
restriction for sulfur mustard does not only lead to faster rotation
around the central bonds than in heptane but also to a larger range
of (non-equilibrium) conformations it can adopt.
ure system, 325 K 24.7 ± 2.3 21.4 ± 2.1
olute in bilayer, 325 K 0.135 ± 0.005 2.15 ± 0.63

a Lateral diffusion, only in 2 dimensions.

mem = 3.771 nm, the difference of the phosphorus maxima leads to
mem = 4.079 nm, and the one of nitrogen to d = 3.69 nm. All these
engths are comparable to experimentally measured thicknesses:
ither dmem = 3.6 nm using atomic force microscopy (AFM) cross
ection at 50 ◦C by Leonenko et al. [33] or dmem = 3.87 nm using
-ray diffraction by Tristam-Nagle et al. [34].

Another benchmark to test the lipid force field is the area per
ead-group A which is obtained by dividing the area of the xy plane
with box lengths Lx and Ly) by the number of lipids in a monolayer:

= LxLy

64
. (7)

As Nagle and Tristram-Nagle show in their review article about
embranes [35] the values measured for this property vary sub-

tantially. On the basis of that paper the authors of the GROMOS
ipid force field [16], which we adopted, optimized their parame-
ers for an area per lipid of A = 0.61 nm2 (reported results range from
= 0.57 to 0.64 nm2). We observed an area per head group for this

orce field between 0.59 and 0.60 nm2. We consider this a sufficient
greement with the original force field, since the two calculations
iffer not only in the treatment of torsions but also in charge groups
which we do not use). The consequence of the smaller area per
ead-group is a denser system, which has to be penetrated by the
olutes.

Since the motions of the solutes also depend on the motion
f the environment, the diffusion constant of the lipid is the
ast benchmark to compare to the literature. The lateral dif-
usion in the x and the y direction only (in Eq. (4) the
imension is dim = 2) leads to a calculated diffusion coeffi-
ient of Dlat = (1.79 ± 0.17) × 10−8 cm2/s. This can be compared
o the diffusion coefficient Dlat = 1 × 10−8 cm2/s measured by
uasi-elastic neutron scattering (QENS) at T = 333 K [36,37] and
lat = 1.3 × 10−8 cm2/s measured by fluorescence recovery after
hotobleaching (FRAP) [38] at T = 323 K. Thus, although the den-
ity in the system is in the upper part of the reported values, the
iffusion of the lipids is in the right order, but marginally faster.

.2. Characterization of the solute molecules

For the pure heptane system equilibrium simulations at 300
nd at 325 K lead to system densities of 718 ± 2 and 703 ± 2 kg/m3.
hese densities are 6–7% larger than the experimental ones
0.67955 kg/m3 at 298.15 K [39]) and therefore considered good
nough for the following comparison. The diffusion coefficients of
his and all other equilibrium systems are summarized in Table 3.
he mean square displacements leading to these results are plot-
ed in Fig. 3. For pure heptane, increasing the temperature by 25 K
eads to an increase of the diffusion coefficient by more than 40%.

correlation of the end-to-end distance at 300 K leads to a corre-
ation time �ee(heptane) of less than 1 ps and the analysis of the
ngle with the z axis, which in this case is an arbitrary axis, yields
correlation time �angle(heptane) = 36 ps.
The dynamical properties have also been calculated for a sin-
le heptane molecule in water (the error bars, all error bars in this
rticle are standard deviations, for the solutes in water are bigger
ue to poorer statistics). The diffusion coefficients of neat heptane
nd heptane in water are the same within the error bars. The dis-
35.5 ± 2.1 0.179 ± 0.017
– –

tribution of the end-to-end distances shows a pronounced peak at
0.74 nm, it relaxes with a correlation time of �ee(heptane in water)
of less than 1 ps. The uncorrected angle to z axis profile shows the
typical cosine shape of a fully sampled spherical property projected
onto an axis; the corresponding correlation time is �angle(heptane
in water) = 30 ps, indicating a slightly faster rotation in water than
in the pure heptane system.

The simulation of pure sulfur mustard leads to a density of
� = (1383 ± 3) kg/m3 at 300 K and � = (1340 ± 2) kg/m3 at 325 K.
Compared to the density � = 1270 kg/m3 at T = 298.15 K reported in
the literature [4,40] the simulated system is 9% denser. The devia-
tion of these results of this force field from the experimental value
is of the same size and in the same direction as the ones for the
membrane and heptane. Comparing the force field parameters for
bond lengths and bond angles to results of ab initio calculations by
Glukhovtsev et al. [41] we find the force field bond lengths up to
1.5% longer than the ab initio ones and the angle at the sulfur atom
is bigger by 0.9% in the force field. But the thus expected lower
density is overcompensated by the force field parameters for the
charges and the Lennard–Jones parameters ε and �.

The dynamical properties of the model were again tested with
the diffusion coefficient (Table 3) which is about 10% smaller
than that of heptane. The end-to-end distance correlation times
�ee(sulfur mustard), which is 3 ps at 300 K and at 2 ps at 325 K and
the axis to angle correlation time �angle(sulfur mustard) = 17 ps at
300 K supports the interpretation that sulfur mustard is a much
more flexible molecule compared to heptane.

The higher flexibility of sulfur mustard in comparison to the one
of heptane can also be explained by the choice of the force field
parameters. In agreement with ab initio calculation of Butterfloss
and Hermans [42] and the force field parameterization procedure
of Wolfe et al. [43] we set the torsion barrier around the C–S bonds
Fig. 3. The mean square displacements of selected molecules in different environ-
ments. In this resolution the graphs for heptane in DPPC bilayer, sulfur mustard in
DPPC bilayer and the bilayer itself fall on top of each other.
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Like in the heptane case, putting one sulfur mustard molecule
nto water shifts the diffusion coefficient towards the one of water.

ithin error bars it is still the same as for heptane in water. The
orrelation times at 300 K on the other hand hint a slowing down
f the internal dynamics �ee(sulfur mustard in water) = 9 ps but
lso on a speed up of the rotational dynamics �angle(sulfur mus-
ard) = 12 ps compared to the heptane case. The similar diffusion
oefficient in spite of longer internal correlations indicates that the
iffusion is mainly determined by water. Under the given accu-
acy, differences in the force field parameterization between the
olecules do not have any significant influence on the diffusion

oefficients.

.3. Equilibrium behavior of the solutes in the membrane

When the solutes are inserted into the membrane, their available
pace gets confined. In this section, we compare the distributions
averaged, static properties) and the corresponding correlation
imes (dynamic properties) of the average z position within the

embrane of the solute’s central atom. Furthermore, we analyze
he end-to-end distance of the solute and the angle of the end-to-
nd vector with the membrane normal (z axis) of sulfur mustard
nd heptane.

Fig. 4 shows the distribution of the z position of sulfur mustard
olecules, defined by the central sulfur atoms, within the mem-

rane. While in the case of only one solute the molecule samples the
hole width of the membrane’s tail region in the simulation time
f 12 ns, this is not realized for five molecules. Here one can observe
he effect on the distribution of the clustering of two molecules in
he middle of the membrane. The fact that two molecules cluster
or more then 2 ns in the middle of the membrane broadens the
eaks in the center of the plot. To avoid such clustering effects we

ig. 4. Distribution of the central sulfur atom of one (in plot a) and five (in plot
) sulfur mustard molecules during simulations of 12 ns (plot a) and 19 ns (plot b).
he vertical dashed lines indicate the average position of the innermost phosphorus
tom. The thick line in the second plot is the average of the five atoms and of the
wo monolayers.
Fig. 5. Distribution on the central CH2 groups of five heptane molecules during a
simulation of 40 ns. The thick line is the average of the five heptane molecules.

continued the sulfur mustard observation with only one molecule
accepting the loss of statistics. The z position distribution is broad
with a preferred residence in the middle of the tail region. There
is, however, also a significant probability to find the molecule in
the center of the membrane where the tails from opposite layers
touch.

For heptane (Fig. 5), no clustering was observed. But the z
position distributions of the alkane molecules show other special
features. First, during at least 65% of the simulation time of 40 ns,
three of the five inserted molecules kept their average positions in
the tail region, but nearer to the head group region than sulfur mus-
tard. This leads to the three pronounced peaks on the left side of
the profile. The other two, faster moving, molecules with broader
distributions stay closer to the center of the membrane. For both
we identify a pronounced sharp peak exactly in the middle of the
membrane which comes from the molecules staying at the tail–tail
interface for up to 10 ns.

The orientation along the z axis is measured by the angle
between that axis and the end-to-end vector of the solute. Division
of the raw distribution by the sine of the angle removes the metric-
tensor bias and leads to the graphs in Fig. 6. For sulfur mustard, we
see maxima near 0◦ and 180◦ corresponding to a parallel and an
anti-parallel orientation to the z-axis. Although the most favorable
orientation is an alignment with the lipid tails, there is still a count
of one sixth of the maximum for orientations perpendicular to the
z-axis.

In comparison, the heptane molecules exhibit a more confined
orientation distribution. They show even more alignment than
sulfur mustard molecules, and the amount of parallelly oriented
molecules is lower. We note, not shown, that there is also a reduced
rotational mobility: Two of the five molecules even do not change
the net orientation (cross the 90◦ mark) at all. These facts indi-
cate that the heptane molecules are caged between the lipid tails
with only little space to wiggle around. Both their compatibility
with the lipid tails and their larger inherent stiffness (as compared
to sulfur mustard) might contribute to the reduced reorientation
dynamics.

In Fig. 7 we combine the information of the position of a solute
and its orientation into a contour plot. Both molecules are similar
in that their intensity maxima are in the corners of the diagram, i.e.
the most likely situation is the molecule being embedded among

the lipid tails and oriented parallel to them. There are, however,
important differences. In the sulfur mustard diagram there is a
straight horizontal path connecting the two maxima at constant
z = 0.75 nm. This means that sulfur mustard molecules can rotate in
place while remaining in the lipid tail region. For heptane, there is
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Fig. 6. Orientation of the inserted molecules within the membrane: The orienta-
tion of the sulfur mustard molecules (upper figure) over 12 ns show an equilibrated
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Fig. 8. Tracking the position of sulfur mustard molecules (sulfur atom). This exam-
ple was taken from the simulation with an external force of 50 kJ mol−1 nm−1. The
black lines show the z coordinate of the central sulfur atom. The grey lines corre-
spond to the z positions of specific head groups measured by the position of the
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ehavior, sampling the orientation parallel and anti-parallel to the z axis with equiv-
lent weight. In contrast the heptane molecules show a very limited sampling of the
otational space over the simulation time of 40 ns. Three molecules even did not
hange the sign of their orientation with respect to the z axis.

much stronger dependence between orientation and position. A
eptane molecule can really only (reluctantly) adopt a perpendic-
lar orientation at the membrane center, where opposite lipid tails
ouch and where the density is lower (cf. Fig. 1). A possible explana-
ion is the lower stiffness of sulfur mustard, which would allow the

olecules to reorient via an intermediate folded state, whereas the
eptane molecule must rotate in a straight, extended configuration
nd therefore requires more free volume.
.4. Non-equilibrium simulations of forced permeation by the
olutes

The application of an external force drags the two sulfur mustard
r heptane molecules through the system. In Fig. 8 we visualized

ig. 7. Correlation of the orientation and the position in z direction of the solutes. In case
rientation at any position in the membrane. The average position peaks of heptane mole
re very pronounced. And there is a clear path obvious under which circumstances the m
phosphorus atoms; i.e. the position of the head group most exposed to the water
phase (bright grey), the average position of all head groups (grey), and the z position
of the innermost head group of the membrane (dark grey).

this dragging process for an external force of 50 kJ mol−1 nm−1

(83 pN) applied to one sulfur mustard molecule in the +z direction
(upwards) and the same force on the other sulfur mustard molecule
in the −z direction (downwards). We also introduce four different
spatial regions important for the following discussion. The water
region is the space between the outermost (the most exposed to
the water region) phosphorus atoms of the two monolayers (recall
that the box is periodic). The tail region is the space between the
innermost phosphorus atoms of the two monolayers. The two head
group areas are defined as the space between the outermost and
the innermost phosphorus atoms of the same monolayer. These two
regions are treated separately. The head-in group refers to the head
group through which the solute penetrates form the water region
into the tail region. The head-out group is the head group through
which the solute leaves the membrane and diffuses into the water
region.

For the calculation of cycles and residence times, sampling starts
at the moment when the solute crosses the first region interface and
ends when the solute crosses a region interface for the last time in
that simulation run. This choice allowed us to take into account only
completely traversed regions.

We tried several drag forces between 10 and 200 kJ mol−1 nm−1.

For heptane simulations up to and including an external force
of 30 kJ mol−1 nm−1, we did not observe any region crossing
events. For sulfur mustard, however, we have seen at least
one crossing between regions during each simulation, even for

of sulfur mustard, the solute travels across the whole membrane and may have any
cules, which keep their z position for a much longer time than the sulfur mustard,
olecule is allowed to change its orientation.
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Fig. 9. Number of membrane penetration cycles per one sulfur mustard molecule
(squares) or one heptane molecule (triangles) during 1 ns as a function of the exter-
nal force acting on the molecules. While at forces smaller than the threshold of
50 kJ mol−1 nm−1 no complete membrane penetration was traceable, the molecules
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volume considerations. The smaller molar volume (derived from
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tarted to break through the membrane at higher external forces. Sulfur mustard is
he faster of the two molecules. Also included are unphysically modified molecules
n which the patterns of partial charges have been modified.

= 10 kJ mol−1 nm−1. Increasing the external force, a full cycle (a
olecule traversing the entire z dimension of the box and arriv-

ng at the periodic image of region border it crossed first) was
rst observed for sulfur mustard at 30 kJ mol−1 nm−1. Both sulfur
ustard molecules moved through all regions within the total sim-

lation time of 23.2 ns. In the case of heptane with a larger external
orce of 50 kJ mol−1 nm−1, 1.5 cycles were obtained during a total

imulation time of 28 ns.

Fig. 9 shows the permeation rate of different solutes at different
xternal forces as the solutes average number of cycles per nanosec-
nd. Below an external force of 50 kJ mol−1 nm−1 one can interpret

ig. 10. Residence time of the solute molecules within the different compartments of the
f heptane match with the general picture of more cycles per nanosecond, when an exte
eads help to penetrate the head group area.
ardous Materials 168 (2009) 13–24 21

results only qualitatively. At forces above 50 kJ mol−1 nm−1 sul-
fur mustard molecules are observed to cross the membranes at
rates which are significantly higher than those of heptane. Both
molecules exhibit a superlinear increase in the number of cycles as
a function of the external force. The heptane curve appears to be
shifted by 50 kJ mol−1 nm−1 to higher forces. This leads to a rela-
tive increase between the number of cycles of sulfur mustard with
respect to that of heptane: about a factor of 3.7 at 50 kJ mol−1 nm−1,
5.9 at 100 kJ mol−1 nm−1, and 2.0 at 200 kJ mol−1 nm−1.

For the force range applied, Fig. 9 clearly shows a non-linear rela-
tion between the magnitude of the external force and the resulting
permeation rate. The calculations are outside the linear-response
regime, and it is not possible to reliably extrapolate them to an
external force of 0, which would be the natural (equilibrium) per-
meation rate of the two compounds. At forces small enough to be in
the linear regime, there are no transition events on the timescale of
the simulation. Notwithstanding, the simulations can help to iden-
tify the solute features most important for permeation. To this end,
we have introduced unphysical modifications to the two molecules.
We have constructed an uncharged sulfur mustard with all partial
charges set to zero and all other force field parameters unchanged,
as well as a charged heptane with the heptane force field parame-
ters augmented by the charges from the sulfur mustard force field
on the corresponding positions in the chain.

Charged and uncharged molecules of the same type per-
form (within error bars) the same number permeation events
per nanosecond. Only for the strongest applied external force of
200 kJ mol−1 nm−1 we can see differences in the percent region
between the charged and the uncharged molecules. Since except
the atomic partial charges all parameters are the same and the
charge is of minor importance, the different permeation rates of
heptane and sulfur mustard are explained by density or free-
the densities of the pure systems equilibrium simulations) of sul-
fur mustard (114 cm3/mol for our model compared to 139 cm3/mol
for our heptane model, both at 300 K) leads to a faster penetration
of the membrane.

bilayer. The overall shorter residence times of sulfur mustard compared to the ones
rnal force is applied. The unphysical solutes show that the partial charges on the
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Fig. 11. Relative residence times of different solutes in the different regions of

The average residence time of different molecules in the four
egions of the membrane is shown in Fig. 10. Note that especially
or the data at 50 kJ mol−1 nm−1 the statistics are limited. The short-
st residence times of the solutes in all simulations are found in the
ater region, with its average thickness of dwater = 1.67 nm. The res-

dence times for all solutes are comparable, except for the charged
eptane where they are approximately twice as big.

With different external forces, different regions become more
mportant as obstacles for the solutes. Fig. 11 shows this in more
etail. For each value of the external force, the longest residence
ime of all regions was normalized to 1 and all other residence times
ere scaled with the same factor. As we already observed in Fig. 10,

he influence of the water phase is the weakest one but in the limit
f high forces we find a relative increase of the importance of this
egion.

In these plots the importance of finding a way into the mem-
rane, to penetrate the first head group (the “head-in” region with
n average thickness of dhead-in = 1.23 nm denotes the head-group
egion encountered by a solute entering the membrane from the
ater phase) becomes apparent, especially at big external forces.
t small external forces the influence of other regions may take over.
e can also see that this loss of importance of the head-in region

s more pronounced for charged molecules than for the uncharged
nes.

The most important observation lies in the comparison of
he influence of the tail (dtail = 2.86 nm) and the head-out region
dhead-out = dhead-in = 1.23 nm), i.e. the head group region encoun-
ered when the solute leaves the membrane. Both residence times
eep their relative order for all external forces in each subplot. For
ost molecules the tail region is always a stronger impediment to

ermeation than the head-out region. The exception is real, charged

ustard for which the opposite is true. These molecules need more

ime to leave the membrane than to travel through its tail region.
his coincides with the results of the equilibrium simulations which
lso indicated a higher mobility of the sulfur mustard within the
embrane.
embrane. The times are scaled so that the longest residence time becomes 1.

As an estimate for the diffusion coefficients perpen-
dicular to the membrane Dzz in the different regions, we
apply Eqs. (2) and (3) to runs with the best statistics,
namely the runs with an external force of 200 kJ mol−1 nm−1.
For heptane we calculate Dzz(water) = 2.91 × 10−6 cm2/s,
Dzz(head-in) = 1.39 × 10−6 cm2/s, Dzz(tail) = 5.49 × 10−6 cm2/s,
and Dzz(head-out) = 3.48 × 10−6 cm2/s. For sulfur mustard
the diffusion coefficients across the membrane regions are:
Dzz(water) = 9.81 × 10−6 cm2/s, Dzz(head-in) = 2.11 × 10−6 cm2/s,
Dzz(tail) = 1.58 × 10−5 cm2/s, and Dzz(head-out) = 5.40 × 10−6 cm2/s.
The comparison of the diffusion coefficients of the molecules in
water with the values obtained in equilibrium simulations (cf.
Table 3) shows that the diffusion constant in the non-equilibrium
simulations is smaller by a factor of 2 for sulfur mustard and 6.5
for heptane. Given that this estimation is based on equations for
homogeneous systems, the agreement of the results is satisfactory.
Three possible explanations can be found for the deviations in
the diffusion coefficients. First, the inhomogeneity of the system
through which the molecules have to travel causes regions of fast
and slow diffusion. Especially when escaping from a region with
slow diffusion, the molecule will take some time to reach the new
net drift velocity in the new environment. This is a finite-size
effect. Second, the distribution of the times required to penetrate
a region is not symmetric. In simulations with high external forces
the different penetration times of the many penetration cycles
lead to a pronounced penetration time distribution. We observed
in this distribution a long tail for longer penetration times and
a short one for shorter penetration times (not shown here). This
would be compatible with an approximate Poisson distribution
of the residence times. The average residence time therefore
tends to overestimate the most probable residence time. Both

problems, which have a tendency to underestimate the diffusion
constant, are expected to lose influence with decreasing external
forces—for the price of poorer statistics. Third, it has to be kept
in mind that, while a “diffusion coefficient” can be defined and
calculated as a ratio of particle flux and external force, we are
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eep in the non-linear-response regime and the apparent diffusion
oefficient can depend on the external force, see the discussion
bove.

The estimated diffusion coefficients nevertheless allow some
nsight in the transport of the solutes. We observe for both hep-
ane and sulfur mustard a faster diffusion through the tail region
along the z axis) than in the xy plane. Even the penetration into
he membrane at this external force shows a higher diffusion coef-
cient than the lateral diffusion coefficients of the solutes within
he membrane. These numbers indicate again that the penetration
rocesses at such extremely high external forces are fundamen-
ally different from those at smaller or even vanishing external
orces.

. Conclusions

We demonstrated differences in the motion patterns of sulfur
ustard and heptane molecules as they diffuse within and through
PPC bilayers. We showed that the way of penetration of the mem-
rane by solutes must be different for the different molecules and
t different external forces.

Sulfur mustard was observed to be the more flexible of the two
pecies. It diffuses and reorients faster than heptane in the tail
egion of the membrane. Although the tail groups dictate the main
rientation of both molecules their influence is smaller for sulfur
ustard. This is also mirrored by the fact that, under an external

riving force, the residence time of sulfur mustard in the tail region
s shorter than the time the molecule needs to escape from the

embrane through the head group region. The dynamical charac-
eristics of sulfur mustard are due to a concerted effect of the partial
harges and the smaller molecular volume. Only one of the two
ffects is not enough to reverse the order of the residence times as
t is observed for heptane. For all these reasons we deduce that the
bstacle to mustard penetration through a DPPC membrane is the
ead-group region encountered upon trying to leave the membrane

nto the water phase.
The behavior of heptane is different in many ways. It is much

ore confined by the tail groups while within the membrane. Its
rientation is restrained and the diffusion is restricted by the cage
ormed by the lipid tails. This effect is so strong that even when
n external force drags the molecule through the membrane, the
esidence time in the tail region dominates the one in the exit head-
roup region. This behavior is opposite of what is found for sulfur
ustard. This observation is in agreement with the fact that hep-

ane is soluble in apolar solvents but not in polar media (i.e. water
nd the head-groups). These results suggest that the tail groups are
he limiting factor for heptane to penetrate the DPPC membrane.

Even though that the solubility of sulfur mustard in water is
ow (0.92 g/100 g H2O at 22 ◦C [4]), it is still higher than that of
eptane (2.7 ppm at 25 ◦C [44]). Our results support this general
tatement and show their consequences for the penetration of bio-
ogical membranes.

Finally we have shown that in dragging solutes through the
ystem by applying an external force, the barriers for the pene-
ration process change their influence. At high forces (we tested up
o 200 kJ mol−1 nm−1), the solutes spend the most time trying to
nter the membrane through the head group region. This process
ntails reorientation at the surface and finding or drilling a hole to
lip through the network of membrane head groups. Reducing the
xternal forces decreases the influence of this process. When forc-
ng the molecules to stay close to the interface, they – in the course

f time – find a gap in the constantly moving head-group layer and
enetrate it. This process, compared to the brute force hole drilling
t high external forces, is slower in absolute values, but faster in
omparison of the residence times in the different regions of the
embrane.

[

ardous Materials 168 (2009) 13–24 23

The present simulations are a first step in understanding the
penetration process of sulfur mustard. Further investigations must
aim for an improvement of the sulfur mustard force field. Especially
optimizing the Lennard–Jones parameters (i.e. using the simplex
algorithm as demonstrated lately for another molecules contain-
ing seven atoms [45]) to achieve better agreement with the density
and a reparameterization of the force constants for angles and tor-
sions, is important to increase the accuracy of the results. Results of
longer simulations at external forces of less then 50 kJ mol−1 nm−1

may allow an extrapolation of the residence times to even lower
forces. Since membranes are a patchwork of many components,
comparisons of the behavior of sulfur mustard in membranes with
different lipids can show preferred layers to penetrate.

Concluding, sulfur mustard and heptane are not only different
in their chemical reactivity, but also in their physicochemical prop-
erties like diffusion and rotation. While these properties are still
comparable in water, they become much more different in the het-
erogeneous and ordered environment of a membrane. Both the
molecular volume (molar volume divided by Avogadro constant)
and the charge distribution of the molecules have a determining
influence on the permeation rate.
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