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A DPD model of PEO-based block copolymer vesicles in water is developed by introducing a new density
based coarse graining and by using experimental data for interfacial tension. Simulated as a membrane patch,
the DPD model is in excellent agreement with experimental data for both the area expansion modulus and
the scaling of hydrophobic core thickness with molecular weight. Rupture simulations of polymer vesicles,
or “polymersomes”, are presented to illustrate the system sizes feasible with DPD. The results should provide
guidance for theoretical derivations of scaling laws and also illustrate how spherical polymer vesicles might
be studied in simulation.

I. Introduction balance between the tendency of the components to phase

separate into a hydrated component and a melt, and the chemical

~Membranes composed of pure phospholipid have been studiedyong attaching the blocks together. A simple model that only
since the 1960¢ and simulated in atomistic detail for about a  jncorporates these effects and is still capable of capturing the

decade Membranes composed of purely synthetic polymer have experimental scaling relations would be of great value in
been studied experimentally for less than a detdfeand, developing a theoretical description.

because of the higher molecular weight)(of the amphiphilic Recent simulations of polymer membranes have exploited
polymers ¢kDa) compared to lipids{kDa), polymer mem-  oarse grained molecular dynamics (CGNASF but have
branes have only recently been simulated? In practice, proven unable to span much of therange of experiments let
polymer vesicles appear to have advantages over lipid vesiclesyjone demonstrate vesicle formation. Simulations of systems
because the physicochemical properties of “polymersomes” aréyhose natural length scales far exceed those of traditional
more widely tunable. Specifically, the membrane elasticity, 5iomistic computations is perhaps better met today by the
stability, permeability, and thickness are easily controlled by method of dissipative particle dynamics (DP®Yhe interaction

varying the molecular weight of the blocks. In addition, parameters for DPD simulations consist of one parameter for
controlled degradability can be incorporated by the addition of gach species that determines the single component fluid’s

hydrolyzable monomers. Sufficiently hydrophilic monomers can ¢ompressibility, an intramolecular part capturing the connectiv-
form blocks with variable hydrophobicity based on the molecular ity, and an intermolecular part that uses a single parameter for

weight, namely at lowM the block will be water soluble butat  gach pair of species to describe their mutual solubility. The link
high M it can form the hydrophobic core of diblock (self-  petween the tendency of the species to phase separate and their
assembling) vesicle's. _ ~ mutual solubility is provided by the liquieliquid interfacial
As with lipids, the more hydrophobic segments of amphiphilic tansion that can be used directly as a fitting parantétehile

block copolymers exclude water and form a melt whereas the 3 coMD model with a mapping of approximately three heavy
hydrophilic chains hydrate. This aqueous environment alters the 51oms for every coarse grained site offers a speedup®aivid
behavior from diblock melts, which historically have been the fully atomistic molecular dynamics (AAMD¥ the same
focus of theoretical efforts. Although theoretical discussions of mapping in the DPD framework provides an increase in
polymer membranes and property scalfigredate even the first eficiency of 16 largely because the interactions have a shorter

experiments? these have always been based on the melt off Figure 1 illustrates the length scales accessible to the
derivations. Indeed, now that the variability in structure and gjferent techniques with the above mapping at reasonable

properties of polymer men;?ranes wikh is beginning to be  compuytational cost for a moderate molecular weight diblock
elucidated experimentalff;2* it has become apparent that the  copolymer. In DPD, this copolymer can make a closed vesicle.

theory does not adequately describe aqueous systems. The ere we have constructed a model in the DPD framework
essential physical properties of these systems are due to thgq, aqueous poly(ethylene oxidepolyethylethylene (PE©

- Add g w0 this author. E-mal 2@ d PEE) diblock copolymer vesicles by incorporating intramolecu-
ress correspondence to tnis author. e-mail: vaortiz@seas.upenn.edu, fot H . :
t Max Planck Institute of Colloids and Interfaces Golm. lar da’ga from at_om|st|c_3|mulat|pns and |ntgrmolecula_r data from

* Center for Molecular Modeling, Department of Chemistry, University experimental interfacial tensions. Elastic properties of the
of Pennsylvania. membrane were used to evaluate two coarse graining schemes

§ Biophysical Engineering Lab, Department of Chemical & Biomolecular for DPD. The conventional coarse graining of three water
Engineering, University of Pennsylvania. ’

TLaboratory for Research on the Structure of Matter, University of Molecules and one monomer per interaction site gave unphysical
Pennsylvania. results, but elasticities obtained with a new mapping based on
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Figure 1. Length scales and structures accessible to AAMD, CGMD,
and DPD techniques for high molecular weight diblock copolymers.
CGMD offers an increase in efficiency over AAMD of1(P, while
DPD gives an increase of10°.

pure liquid densities agreed with experimental data. In particular,
using this new mapping, the scaling of the hydrophobic core
thickness of the membrane wilh was found to be in agreement
with experiment. Finally, preliminary studies on stretched

vesicles are shown in order to explore the time and length scalesof

of rupture.

Il. Methods

DPD simulation methods are increasingly being applied to a
wide range of problems, from lipid membranes and vesitiés
to polymerpolymer surface tension calculatiotfsto diblock
copolymer melt microphase separati@mand to studies of shear
flow on solid surfaceg? In simulating polymer-based mem-

branes as well as vesicles in water here, we exploit the system

size advantages of DPD. The canonical algorfnit has been
used with the exception of a modification on the atomistic-to-
coarse-grained mapping, which is presented in section IIl.

J. Phys. Chem. B, Vol. 109, No. 37, 20067709

TABLE 1: Systems Simulated in the DPD Framework
Consisting of Hydrated Bilayers of Copolymers of Different
Length but Constant Hydrophilic Fraction 2

area per no. of

molecule no.of  water
diblock box size (A) (A% chains molecules
PEO40G-PEE37  207x 207x 259 104.26 822 59585
113.06 758 64 513
121.39 706 68 517
125.66 682 70 365
129.85 660 72 059
138.22 620 75139
146.49 585 77834
PEO66-PEE5S5  271x 271x 323 157.09 935 157074
161.05 912 159719
PEO8G-PEE74  330x 330x 381 177.94 1224 273104
18256 1193 277695
PEO100-PEE93 381x 381x 433 198.85 1460 419 360
203.16 1429 425121
PEO126-PEE111 427 427x 478 219.01 1665 585518
223.30 1633 593074

a2The chain lengths were chosen to span the range of molecular
weight sampled in experiments. Systems at different area per molecule
are needed to extract the zero tension state in the NVT ensemble.

dissipation strengthy, is set as 4.5 (in units o{/mokBT/rOZ)

and a value of 3 is used for the random noise strengtto
control the temperaturégT, to a unit value via the fluctuation
dissipation theorenmug = 2ykgT). The relative particle velocity,

vij, is defined agy; — vj) andgj is a random variable with zero
mean and unit variance. A constant time step of 0.02 (in units

\/myr ks T) was used for both the model parametrization
and the molecular weight studies, maintaining in this way
consistency between the system information incorporated into
the model and the information extracted from it. Furthermore,
it was recently shown by Jakobsen and co-worRéis; using
softer potentials than the ones used in this work, that time steps
varying by 5-fold around 0.02 introduce less than 20% devia-
tions in membrane tension. These do not seem significant
enough to alter our conclusions here. The standard %¥abfe

0.5 is used for the empirical factarin the DPD velocity Verlet
algorithm. The DPD simulations were performed on hydrated
planar bilayers made of PEE&PEE diblock copolymers of
different lengths (denoted PBE®PEE" wherem andn are the

Briefly, soft beads representing a volume of fluid containing number (_)f monomers) but a constant hydrophilic ratio of 0.46.
several molecules or molecular fragments interact via effective The chain lengths were chosen to span the entire range of
forces chosen so as to reproduce the compressibility of watermelecular weight sampled in experiments. The systems are
and mutual solubility of the different species. The functional "ePorted in Table 1. The simulations were each run for 200 000
forms of the effective forces are as described in the DPD tMe steps.
literature31-35 In this study, the DPD simulations are performed in the NVT
ensemble; therefore a series of runs must be performed for each
system at different area per molecule in order to find the zero
tension state. First, the smallest system of PEGRBE37 was
run for 7 different area per molecule (see Table 1) from which
the surface tension was extracted, according to Goetz and
Lipowsky 27 by integrating the stress tensor along the dimension
normal to the bilayer. A plot of tension versus area-per-molecule
was constructed for this system, from which the zero tension
area was extracted by linear interpolation. To obtain the zero
tension state for the other diblock copolymer lengths an initial
prediction was made by assuming a scaling of hydrophobic core
thicknessd, with molecular weightM, of d ~ M%5 as suggested
by Bermudez et alé (by assuming incompressibility, the area
The massfy) and length Kp) scales, as well as the self- should also scale with an exponent of 0.5). Two simulations
repulsion parametersay) in the simulations are set by the were then performed for each chain length at values of area
mapping chosen for the water of 3 molecules per bead. The per molecule around the predicted value, and the DPD-derived

c_ aij(l - rij/ro)fij forr <r,
"o forr>r,

dissipative forceF ) =

conservative force;

—y(L = ry/r*@yvp)ty forr <rg
0 forr>r,

o(d—r.lrp)C.t. forr <r
random forceF;e = {0( ij 0) ijhij forr = r0
=0

@)
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Non-bonded interactions the hydrocarbon block has the same bulk density as water.
w H T Second, attempts to obtain tension versus area per molecule
H,—CH, . : , ;
e =il FEEPRBER) epees curves, as described in the Methods section, resulted in
“{0—"-’”:—9”}[0”—0“3‘“ unphysical values for the membrane elasticity (data not
H | 793 | 78 | 867
Neeo Npee shown).
\—V—‘\ﬁ,—) S BB Ml e The root cause of these problems is in the exclusive use of
Bonded interactions water to define all aspects of the DPD description, from liquid
Bond X, K compressibilities to diffusion time scales, to the density of the
length |  (r,) (ksTir) beads. To make a stronger link with experiments, the constraint
[ H %—E T J HH | 05573 | 1107.51 of constant density of the beads for all species was removed.
! I The resulting coarse graining hence varies with species identity.
i | el Rt Wlaiss This variation is chosen such that the bulk density of the pure
T-T | 05998 | 16093 species matches experimental data. The dewsity mapping
obtained with this approach is given in Figure 2 by
‘ OJI:T‘\‘ Bend 8, kg ,
LR N (PR @ angle | (deg) | (kgTirad?) N'peo= Mped Meeo
N [H0l h, ||LHH | 1221 4.03 .
S Hy, HHT | 1455 4.96 N'pee = Nped Mpee
H-T-T | 97.8 13.48 .
TTT | 1022 | 1049 M = MMy 2)

Figure 2. Schematic drawing of the mapping from atomistic to DPD. where the mapping factors were found to be

The number of PEO and PEE groups are denotedday and npe,

respectively, and the number of the corresponding H- and T-beads by Mpeo= 1392 monomers/bead for PEO

Nn'peo andn'pee The tables show the parameters used to describe the m={ Mege= 0.774 monomers/bead for PEE
interactions between the DPD sites, which are given fornthe, = _

Nped/1.392,N'pee = Nped0.774 mapping of eq 1. This change results in my =3.01 molecules/bead for water

a DPD model leading to more physical properties comparable to . .

experimental data versus 1:1 mappings. lll.b. Intramolecular Interactions. The intramolecular

parameters for the two mappings cannot be separately deter-
. _ . . ) mined because the density mapping corresponds to an unnatural
d was obtain by substituting the zero tension area into a fit of jyisjon of the underlying atomistic structures. In this section,
the thickness versus area data. the development of the parameters is given for the conventional

For the vesicle rupture simulations a cubic box of (51.75hm) mapping, and then the underlying data are converted to the
was used, which for a particle density of three consistsbb density mapping.

million sites. The vesicles were constructed by evenly distribut- 10" intramolecular interactions in the DPD scheme are
ing the total number of PEOA@PEE37 diblocks (1569) over  gascrined by harmonic bond lengths and bend angles. The

the two leaflets su_ch that the area per molecule i_s fixed at 3.75 equilibrium values X, and ) and force constants(and ko)
ne (abo_ut three times the zero tension value), giving an inner 4. <hosen to reproduce the mednand ¢) and standard
leaflet W!th 314 cham_s and a radlgs o0 nm, and. an outer  yeviation of the target bond length and bend angle distributions,
leaflet with 1255 chains and a radius 20 nm. This size is \ypich were obtained from AAMD simulations by defining the
at the lower end of the experimental range for polymersomes. qition of the coarse grain site as the center of mass of the
group of atoms included in that site. To clarify the relationship
betweenl' and xo (or ' and 6y) it is noted thatl’ is the first

Two mappings are presented in section Illa. The optimization moment of the target distribution whibe is the value of the
of the DPD model parameters for these two mappings involves equilibrium length given as an input parameter for the DPD
the intra- and intermolecular parameters. In section lllb the simulation. The mean value of the distribution of bond lengths
intramolecular parameters are determined with a reasonablefrom the simulation is collected and the valuexgis adjusted
guess for the intermolecular parameters. After the intramolecular accordingly to bring the mean in agreement with the target value
parameters have been optimized, the intermolecular parameter$. For the density mapping the positions of the coarse grain
are determined in section llic. A final check was done to verify sites cannot be determined accurately because the coarse
that the intramolecular parameters did not change upon refine-graining involves accounting for fractions of monomers and
ment of the intermolecular parameters, which is to be expected sometimes fractions of atoms. In what follows it is shown how
because the intramolecular interactions dominate the potentialthe density mapping target bond length and bend angle
energy. distributions are obtained from those of the conventional

lll.a. Coarse Grained Mapping. It is conventional in the mapping.
DPD framework to base the coarse grain mapping on that of Given the bond lengthand the preferred bend andle for
water3® Namely, the amount of matter contained in each DPD the conventional mapping, we need to determine the bond length
site is constant for all species and is taken as that of the mappingl’ and the preferred bend angt for the density mapping
chosen for the water. This means that, with the standard mappingwithout changing the physical properties of the polymer. In the
of three water molecules per DPD sifethe coarse graining  absence of intermolecular interactions the physical properties
for PEO and PEE gives theorwentional mappingof ap- are characterized by the end-to-end distance distribution. We
proximately one monomer per site: in Figure 2 this would mean appeal to the two simplest polymer models to perform the
that n"peo = Npeo @and N'pee = Npee However, this approach  remapping of the bond lengths and bend angles by requiring
was found to be unsatisfactory for two reasons. First, the that the average end-to-end distance is the same in both
hydrophobic core density profile is much too narrow because mappings.

I1l. Model Construction
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In the freely jointed chain modethe mean squared end-to-
end distance for a polymer consistingrofnionomers with bond
lengthl is given by

H°C= (n— 1)1° ©)

The freely rotating chain mode$pecifies the bend angk
between the bond vectors, which modifies the expression for
the end-to-end distance as follows

20 20(1—a"?
1-a (n-1)1- a)?

M°0= (n— 1)1+ (4)

where the exterior anglez(— 0), is used to definen =
cos@ — 0).
By imposing the condition that the end-to-end distance is the
same for both mappings, eq 3 gives
Ir

n— 1\

D
m

®)

where the substitution’ = n/m has been made. The limit of
infinite n reduces to the simple expression

im (7] = vim ©
Similarly, eq 4 gives
lim (@' — o) = 0 (7)

in the limit of infinite n, with o’ = cosfr — 6'). A more detailed
analysis establishes that the limit is approached as

OL'—OLIZI1
n

®)

Since the chain lengths considered in this work fall well into
the largen limit, the results given by egs 6 and 7 were used to

perform the remapping. As a result, only the bond parameters

need to be changed.
This remapping is applied to the bonds in each of the polymer

species, but at the diblock interface the bond connecting the

two blocks also needs to be rescaled. However, for this
interfacial bond the rescaling is minor because the effects of

J. Phys. Chem. B, Vol. 109, No. 37, 20067711

TABLE 2: Moments of the Probability Distributions for the
Bonds and Bends Obtained from AAMD and DPD
Simulations?

AAMD DPD
bond mean (A) RMSD (A)  mean (A) RMSD (A)
H—H 3.6021 0.1941 3.6339 0.2166
H-T 4.1812 0.2714 4.2609 0.2849
T-T 3.8770 0.5095 4.2138 0.4800
AAMD DPD
bend mean (rad) RMSD (rad) mean (rad) RMSD (rad)
H—H-H 2.0739 0.4427 2.0432 0.3672
H-H-T 2.3945 0.4155 2.2806 0.3638
H-T-T 1.3011 0.2678 1.4731 0.4056
T-T-T 1.5306 0.3470 1.5869 0.4248

2 The intramolecular parameters shown in Figure 2 were chosen to
achieve close agreement between these moments.

separately from experimental data. In the DPD frameworR

the intermolecular pair interactions are represented as a sum of
a dissipative force, a random force, and a conservative force.
From these, only the latter depends on the type of atoms
considered in each pair and is modeled as a soft repulsion that
requires only one paramete, for each pair to fully describe

it. As seen in Figure 2, these parameters conform to a symmetric
matrix from which the diagonal values are set to bekgBto
replicate the compressibility of water at room temperatéite.
should be mentioned that instead of a remapping one could
preserve the conventional mapping and attempt to change the
a; values such that agreement is obtained between the simulation
and experimental bulk densities. This alternative solution was
examined but gave a set af values that were too big, which
consequently started to influence the intramolecular parameters,
hence, since the interaction terms were all coupled, it was not
possible to converge to a satisfactory set of parameters.

The three off-diagonal terms are chosen such that the mutual
solubilities are matched to the experimental values. As a
consequence, these parameters are related to the interfacial
tension between the two species considered, as shown by Maiti
and McGrothef3 To obtain theary repulsion parameter a DPD
system consisting of a water/oil interface was simulated in order
to replicate the experimental interfacial tension value~&0
mN/m. Similarly, a simulation of a PEO/PEE interface was used
to find the value of the repulsion parametes; that would
replicate the experimental PEO/PEE interfacial tensior 80

the two monomer mappings oppose each other. The rescalingmN/m

is taken as

I'PE(}PEEZ VMoot 4/ Mp

EE
5 =1.03

©)

lpeo-PeE

A problem arises when the same method is applied to try to
find the PEG-water repulsion parametesw, because PEO
is miscible in water at almost any concentration. For this case
the observable to match was chosen to be the radial distribution
function of PEO in water as measured from an AAMD

In addition to the rescaling of the mean values of the bonds gy ylation. The value obtained hemeuw = 79.3ksT, agrees
the second moments must be rescaled to determine the forcgyiin the value obtained by Groot and Rab#hfer the same

constants of the harmonic potentials that are used in DPD 10 4y species by using thg-parameter extrapolated to room
describe the bonds. This was done according to the method Use%mperature from high-temperature demixing data.

by Nielsen et af? in which the variance per unit length is kept
constant, resulting in the force constant decreasing for longer
bonds or increasing for shorter ones. The density mapping model
parameters are presented in Figure 2 along with a schematic A representative snapshot from a DPD simulation of the
drawing of the mapping. Table 2 summarizes the target valueshydrated PEO46PEE37 bilayer is shown in Figure 3 along
and the values obtained with the optimized DPD parameters. with the averaged density profiles for the two block copolymers
Note thatl’ and 6’ correspond to the mean values presented in and water normal to the bilayer plane. It is clear from the

IV. Structural and Mechanical Properties

the first column of Table 2.
lll.c. Intermolecular Interactions. The intermolecular pa-

snapshot that there is a sharp interface between the hydrophobic
core of the bilayer and the polar species in the system. The

rameters for the two mappings can each be determined PEE density profile is localized near the bilayer midpoint and
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Figure 3. Bilayer snapshot and averaged bilayer species density profiles il 45
for PEO4G-PEE37. In the snapshot, the difference in brightness E , |
between the two leaflets shows that, despite some entanglement, the % 8 o PECGOPEESS
two leaflets are largely distinct. The equilibrium density profiles are =29 A& PEOSOPEET4
shown for PEO, PEE, and water. 2 al A e
E —— slope = 137 mN/m
it plateaus to a bulk density value of 0.82 gfcmvhich is typical 0 T T T T
of hydrocarbons. This value is a direct result of using the density 1 a 0.01 0.02 0:08 0:04 0.ps
mapping described by Figure 2. The two leaflets are distin- "
guished by brightness in the snapshot of Figure 3 to clearly i AAIA,

show the extent of entanglement between the chains in therjg,re 4. (A) Tension versus area expansion for the PEORBE37
hydrophobic core. The PEO block is packed tightly against the pilayer. The tensionless stat, is determined from a plot of tension
hydrophobic core and extends well into the water subphase inversus area. Transforming from the are@ the normalized difference
which it is soluble. Indeed, the water density is observed to (A — Ao)/A. yields the plot shown here, the slope of which gives the
penetrate all the way through the hydrophmc block to the area eXpanSiOn modulu& of 137 mN/m. The experimental value is

; ; ; reported a¥, = 120+ 20 mN/m (Discher et alSciencel999 284,
mterface be.tween. the two blocks. Outside the bilayer the water 1143). (B) The scaling lavh ~ M2, whereA is the tensionless area
density achieves its bulk value of 1 g/&m

8 . . andM is the hydrophobic molecular weight, is used together with the
To verify that the model reproduces the mechanical properties pEo40-PEE37 data to make an initial prediction for the tensionless
of aqueous PEGPEE systems, the area expansion modulus of area, shown in triangles, for the different molecular weight diblock
the membraneK,, was determined and compared to the value copolymers shown in Table 1. Simulations at those predicted areas gave
given in the literature. Figure 4A shows the results, where the tensions corresponding teaxis values given by the triangles. Based
equilibrium tension of the membrane is plotted as a function of " these values, one additional simulation for each size, shown in
the area expansion normalized by the area for which a Zerodlamonds, is performed to refine the initial guess by linear interpolation
area exp y the with the restriction of constarK, as given by part A.
tension is observed. The area expansion modulus can then be
obtained directly from the slope of this curve giving a value of ) ) )
137 mN/m, which is in good agreement with the experimental Although this method gives a reasonable scaling of area per
value reported by Discher et @lof 120 + 20 mN/m. chain with molecular weight of 0.46, we consider it overweights
Alternatively, if the data in Figure 4A are fitted to a line that the two data points in the following sense: it has been skb#n

crosses the origin the slope obtained is almost unchanged athatKaof the membrane is independent of the molecular weight

139 mN/m. of the chains. A more suitable fit would be done by assuming
a constant slope of 137 mN/m, which was the value obtained
V. Scaling with Molecular Weight from seven data points for the PEG4BEE37 system. The

constantK, fit, shown in Figure 4B, gives roughly the same
scaling law with molecular weight of 0.46 (not shown),
consistent with the experimental value of 0.5.

In addition, from the simulations of different chain lengths,
the hydrophobic core thickness was obtained as the distance
between the twa-values at which the PEE density was 10%
of its bulk density of 0.82 g/cé(z is taken as the dimension
normal to the bilayer). The thickness was then calculated for
each chain length by substituting the zero tension area into the
linear fit obtained for a plot of thickness versus area per
molecule. These values are plotted versus molecular weight of
the hydrophobic block in Figure 5. A power fit to these data
gives a scaling of 0.48, a value that agrees within experimental

Since the model has proven to give correct values for the
mechanical and structural properties of aqueous diblock co-
polymer systems, we are interested in seeing if the model is
able to replicate the scaling behavior of hydrophobic core
thickness with molecular weight of the hydrophobic block. As
described in the Methods section the scaling of area per
molecule A, with molecular weightM, of 0.5 suggested in the
literaturé® was used to predict the values of the zero tension
area for several diblock chain lengths. These predicted area
values are given in Figure 4B as theaxis values for the
triangles at eactM, while the y-axis value gives the actual
membrane tension obtained from a simulation performed at the
predicted area. A secpnd S|mu_lat|on performed for e"%'c‘“t uncertainty with the reported value of 0.5, which is also shown
an area per molecule in the neighborhood of the predicted one; . :

. . S in Figure 5 as a dotted line.
gave the tension values represented by the diamonds in Figure
4B. A linear fit of the two data points obtained from these .
simulations was used (extrapolated if needed) to obtain the actuaIVI' Vesicle Rupture
area per molecule. The straightforward way of doing the linear  As an illustration of the system sizes routinely accessible with
fit would be to calculate the slope and intercept of the line DPD, we present preliminary studies of vesicle rupture. Poly-
passing through the two points obtained from the simulations. mersome poration is of great interest as a mechanism for the
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140 is smaller than typically found in experiments, resulting in a
vesicle with high curvature that could have an effect on the
poration pathway. Proper characterization of polymersomes can
be achieved by simulating lower curvature vesicles which are
still accessible by DPD.

-

N

o
n

100 1

VII. Discussion and Conclusions

core thickness (A)

m actual
- - predicted The DPD model proves to be effective at capturing the

=]
o
1

—fit to actual data

experimental scaling relations while maintaining simplicity in
the molecular description of aqueous diblock copolymer mem-
branes by only incorporating the effects of the tendency of the

) . . . . ) components to phase separate and the chemical bond attaching
Figure 5. Scaling of hydrophobic core thicknedswith hydrophobic e
molecular weigh. The experimentally observed scaling lawcof the blocks together. However, a modification of the standard

M2 is shown along with the DPD data, which scales suchl as DPD coarse graining was required to obtain a physically
MO8 a value within the experimental uncertainty. reasonable description of these systems. The mapping criterion
was modified from a uniform density set by the water to a
variable species-dependent density. The resulting bond lengths
between adjacent polymer beads were determined from the
standard mapping by appealing to the freely jointed chain model.
These bond lengths were chosen to be independent of the chain
length (molecular weight) of the polymer being modeled and
hence do not influence the scaling exponents reported in this
work.

Historically, the intramolecular models developed in the DPD
scheme were parametrized in an arbitrary manner. In more recent
works a stronger connection has been made to atomistic
simulations by using the appropriately coarse-grained bond
length and bend angle distributiofts'* We continued in this
vein by using atomistic simulations to build the intramolecular
target distributions. Similar target distributions assembled from
the same underlying atomistic molecular dynamics simulations
were used to construct a coarse-grain molecular dynamics
model?13 that has also been shown to be in good agreement
with experimental data. These constructions both reinforce the
integrity of each other and lead to the ability to study diblock
copolymer vesicles over multiple length and time scales (see
. ' ) Figure 1).

Figure 6. Sequence of cross-sections equally spaced in time of a vesicle ~ Future extensions are anticipated to proceed in two comple-
rupture event simulated with DPD. The inner leaflet micellizes first, mentary directions. On the simulation side, the two other
triggering the rapid micellization of the outer leaflet. The snapshots dominant aqueous morphologies of wormlike (cylindrical) and
show the hydrophobic PEE blocks in yellow, the hydrophilic PEO gpherical micelles should be simulated and compared to the
blocks in red, and the internal water in green (exterior water is not existing experimental data to verify the model and supplement
shown). . . . .

the experimental scaling relations which have not been unam-
controlled release of molecules sequestered in the vesiclebiguously determined. In addition, the time and length scales
interior. This release is achieved either by applying an electric achievable with DPD should be used to characterize polymer
field*© (electroporation) that transiently porates the vesicle or vesicles of experimentally relevant sizes. On the theoretical side,
by incorporating degradable polymer into the vedflghich the hydrophobic domain size scaling with molecular weight for
leads to irreversible poration and rupture with a characteristic bilayers, worm micelles, and spherical micelles should be
time scale set by the amount of degradable polymer used.derived. Semenov’s strong segregation limit theory for melts
Although not the focus of this work, it is felt that the DPD predicts a scaling exponent &% for all three morphologies,
technique is suitable for the study of vesicle rupture and a which results from a balance between the domain free energy
detailed analysis of poration pathways and comparison to and the interfacial energy contributiosExtensions of Se-
experiments will be considered for future study. menov’s theory to monolayers of diblock copolymers adsorbed

The evolution of a vesicle with an expanded area per diblock at the interface between liquids formed from the two separate
is shown in Figure 6 with a time interval of 2000 time steps blocks report different scaling exponents. Wang and Sé&fran
between the snapshots. This setup can be directly related tafound that, in the long chain limit, the scaling can range from
osmotic swelling experiments in which an osmotic pressure ?/s to 2/3 depending on the excluded volume interactions and
gradient is induced by changing the solvent concentration acrossthe correlations between the chains. The two treatments of chain
the vesicle membrane. The simulation suggests that a possiblecorrelation considered by Wang and Safran, namely mean field
poration mechanism involves disruption and micellization of and semidilute, yield similar exponents. However, different
the inner leaflet, exposing the hydrophobic core to the solvent. considerations of the excluded volume effect yield large changes
The outer leaflet responds to this exposure by collapsing into in the scaling. For amelt system, defined as a small size
numerous micelles, allowing the vesicle contents to escapedifference between the diblock and the solvent, the scaling
(shown in green in Figure 6). The size chosen for this system reported wag/s, while for aswollensystem, defined as a large
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size difference between the diblock and the solvent, the scaling (12) Srinivas, G.; Shelley, J. C.; Nielsen, S. O.; Discher, D. E.; Klein,
was found to bé/s. The mixed monolayer case, in which one M-('1-3)3-SF;ihnﬁéSChgm-D‘?S%%“erlog 8El'_5?<-|ein M. INat. Mater. 2004 3
block is swollen and the other block is in a melt, is appropriate g3g T T T ' '
for describing hydrated bilayer membranes because for bilayers (14) Ahmed, F.; Hategan, A.; Discher, D. E.; Discher, B.IMngmuir
the hydrophobic block is sequestered from the solvent, while 2003 19, 6505. _

the hydrophilic block is swollen with water. It is expected that 52&5) Bates, F. S.; Fredrickson, G. Annu. Re. Phys. Cheml99Q 41,

this case will show an exponent between the two pure cases (16) Bermudez, H.; Brannan, A. K.; Hammer, D. A.; Bates, F. S.;
depending on the relative influence of the two sides of the Discher, D. E.Macromolecule2002 35, 8203.

interface, but this is not trivial to solve because the influence 88 g)aelin,ZS.;CBeggf.YF.XSC\ﬁQE?%JSSOE p‘;?OF', olym. Sci2002 85,

of each case on the curvature elastic free-energy expression i$571 . e T ' ' '
sensitive to the morphology being considered. This is consistentR (F%g) ggg;iznezr,sf.; Bates, F. S.; Aranda-Espinoza, H.; Dische€.D.
with experimental results that show different scalings for = 7hYs. 1 E9 . . .
different morphologie®4®but the small curvature expansion g g?%oﬁ{}g}f’;d E-efé;iséagg';"gg ’ 3L2"3?'S°her’ B.; Bates, F. S Discher, D.
used in the theoretical treatment is not very meaningful for the  (21) Opsteen, J. A.; Cornelissen, J.; van Hest, J. e Appl. Chem.
high curvature morphologies observed in experiments. This 2004 76, 1309.

: . . . : (22) Frenkel, D.; Smit, BUnderstanding Molecular Simulationsrom
theory is a step in the right direction and we hope that current 5o rinms o Applicationsend ed.; Academic Press: San Diego, CA, 2002,

and future experimental and simulation data will encourage
further theoretical developments to achieve a more complete
microscopic physical understanding of aqueous diblock copoly-

mer systems.
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