Macromolecular

: ,.f' Macromolecular
Theory and Simulations

a Journals

Full Paper

Phase Behavior of Amphiphilic Molecules
in the Presence of One Solvent: A
Dissipative Particle Dynamics Study

Ching-I Huang,* Hsiao-Yang Hsueh, Yi-Kang Lan, Yu-Chih Lin

We simulate the phase behavior of amphiphilic molecules in the presence of one solvent by
DPD. In general, DPD has successfully captured most of the effects of composition of
amphiphilic molecules, solvent selectivity, and solvent amount, on the phase transition
behavior obtained by both SCMF calculations and experi-
ments. When a neutral good solvent is added, the solutions
undergo a lyotropic transition analogous to the thermotropic
transition in the melts. Furthermore, the order-disorder tran-
sition results obtained via DPD are in good agreement with
theoretical predictions by including the fluctuation effects, as
well as with experiments. In the selective solvents, various
transitions from the “normal” phases (i.e., the minority blocks
form the minor domains) to even the “inverted” phases
(formed by the majority blocks) have been observed by vary-
ing solvent selectivity and solvent amount. Since the packing
order of the spheres is greatly affected by the finite size of the
simulation box, it becomes difficult to examine the most
stable packing array of spheres via DPD as has been predicted by SCMF theory. However,
DPD reveals a possible spherical order of A15, which has been ignored in current SCMF work
but observed in some amphiphilic molecule systems.

Introduction o o
composition of amphiphilic molecules, solvent amount,

and solvent selectivity, it is possible to obtain a variety of

Amphiphilic molecules, such as surfactants, lipids, and
block copolymers, continue to attract a lot of attention due
to the fact that they can self-assemble into a rich variety of
morphologies.” ™ Many of the amphiphilic molecule
systems with valuable technological applications are asso-
ciated with the addition of one solvent. By varying the
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microstructures.

When a neutral solvent S (i.e, the interaction para-
meters xas = xss) is added to an AB amphiphilic molecule,
provided the concentrated regime and the solvent quality
is good, the solutions at a volume fraction of amphiphilic
molecules ¢ behave as a neat system with the effective A/B
interaction parameter simply equal to ¢xagN, which
is named the “dilution approximation”.”! Previous
self-consistent mean-field (SCMF) calculations have shown
that the equilibrium solution phase maps are almost
identical to the melt phase map by replacing x,gN with
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dxasN.2 Y That is, as in the melts, the composition of
amphiphilic molecules f largely determines the geometry
of the microstructure, in which the shorter blocks form the
minor domains. These SCMF results have been confirmed
experimentally in predicting the order-order transitions
(00Ts).*>14) While even for the concentrated solutions
the order-disorder transition (ODT) instead follows
the prediction by both Olvera de la Cruz!**! and Fredrickson
and Leibler:*®(¢**° x,5N)opr = F(f), as given in the
melts.*271417) When a selective solvent is added (ie.,
Xas # xps), the shape and the packing symmetry of the
ordered structure is determined not only by the composi-
tion f but also by the solvent selectivity. There have been a
great deal of experimental*2*3#-31] and theoreticall***2-4
studies on the resulting phase behavior. In contrast to the
neat diblock copolymer microstructures, the amphiphilic
molecule solutions may form the “inverted” phases, where
the longer blocks form the minor domains, by varying
solvent selectivity and ¢. Furthermore, unlike the melts
where the “normal” spheres (i.e., formed by the minority
blocks) adopt the body-centered cubic (bcc) array, the
spherical packing order in amphiphilic molecule solutions
is strongly dependent on solvent selectivity and ¢. Our
previous SCMF theoretical results!® have shown that
upon adding a selective solvent for the minority blocks so
that the “inverted” spheres are formed by the majority
blocks, a more dense face-centered cubic (fcc) packing
order is favored over bcc with increasing the solvent
selectivity and/or solvent amount.

Just as described above, most of the theoretical phase
behavior studies of amphiphilic molecule solutions
are based on the SCMF theory, in which to determine
the equilibrium microstructure one has to compare the
free energies of different possible phases. Recently a
relatively new and direct simulation method known as
dissipative particle dynamics (DPD)** has been developed
and successfully applied to study the mesophase behavior
for a variety of amphiphilic molecule systems.[**™*] Groot
and Madden first applied DPD to examine the microphase
separation behavior of linear A,,B, diblock copolymer
melts.®”! The phase diagram they constructed in terms of
the A composition and the effective A/B segregation
parameter is in near quantitative agreement with that
predicted by the SCMF theory.“®! In the amphiphilic
molecule solutions, the related current DPD studies were
mainly focused on the less concentrated regimes. 38143451
For example, Cao et al.[**! employed DPD to simulate the
aggregation behavior of poly(ethylene oxide)-poly(propy-
lene oxide) block copolymers in aqueous solutions. In
particular, the effects of the copolymer architecture and
concentration on the formed micelle type and size were
examined. Though these solution studies demonstrated
that the DPD simulation method is an appropriate techni-
que to examine the phase behavior of amphiphilic mole-
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cules in dilute solutions, the effects of a solvent addition on
the resulting microstructure formation of amphiphilic
molecules in the concentrated regimes have not been fully
examined by DPD.

In this paper, we thus aim to simulate the phase be-
havior for an AB type of amphiphilic molecule in the
presence of one solvent (S) by the DPD simulation method.
We focus on whether DPD can qualitatively capture
the effects of composition of amphiphilic molecules,
solvent amount, and solvent selectivity, on the resulting
microphase separation behavior in the amphiphilic
molecule solutions as obtained by SCMF calculations
and experiments. For simplicity, we assume that each
component has the same volume per segment (bead). We
choose A,B, to resemble the amphiphilic molecules,
where m+n=10, and vary the A composition f=m/
(m+ n). The solvent S is characterized by a bead. Hence, our
present simulated system via DPD with the ratio of degree
of polymerization Ns/Njg=1/10, corresponds to short
amphiphilic molecules in the presence of a solvent. Note
that most of the current phase behavior studies by the
SCMF theory and experiments are focused on very long
amphiphilic molecules (i.e., diblock copolymers) with
respect to the solvent size. One may ask: why not simulate
the same systems as in the previous SCMF calculations.
This is simply due to the fact that the phase behavior has to
be simulated in a very large box, which becomes too
time-consuming and impractical. As such, a quantitative
comparison between the phase behavior predicted by
SCMF and DPD is impossible to reach in our current study.
Instead, we only focus on the qualitative validation of the
DPD simulation method applied to the phase behavior of
amphiphilic molecule solutions from concentrated to less
concentrated regimes.

The DPD Simulation Method

In a DPD simulation, the time evolution of motion for a set
of interacting particles is solved by Newton’s equation. For
simplicity, we assume that the masses of all particles are
equal to 1. The force acting on the i-th particle ﬁ contains
three parts: a conservative force FS a dissipative force 15}])

and a random force F}; that is,

fi=> (Fg+Fp +F}) (1)
i#]

where the sum is over all other particles within a certain
cut-off radius r.. As this short-range cut-off counts only
local interactions, 7. is usually set to 1 so that all lengths
are measured relative to the particle radius.
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The conservative force FS is a soft repulsive force and
given by,

(1 ="\ 7.
- aU( ,C)nU rij <re (2)
y 0 rj > T
where a;; is the repulsive interaction parameter between
. . Lo P = _, Tij
particles i and j, 7y =7; — 7}, ry = ||, and ; =L The
1

repulsion parameter a; is often related to the ]Flory-
Huggins interaction parameter x; by the following
equation,3®]

aj(T) = aji + 3.497ksTy;(T) for p=3 ‘)
a5(T) = @i + 1.451ksTx(T) for p=5

where p is the particle density of the system. The term a;;,
which corresponds to the repulsion parameter between
particles of the same type, i, is determined by matching the
water compressibility as,*®!

ai = 75kBT/p (4)

The dissipative force FE is a hydrodynamic
drag force and given by,

D — -\ =
o — | —yer (ry)(y - V)i 1y <Te
y 0 Tij > Te

(5)

where y is a friction parameter, P is an

r-dependent weight function vanishing for
r>re and vy = v; — .
The random force FX corresponds to the
thermal noise and has the form of,

Fja» _ crwR(rij)e,-jﬁij Tij <TI¢ (6)
y 0 Tij > Te

where o is a parameter, o® is also a weight
function and 6y(t) is a randomly fluctuating
variable. Note that these two forces, F;D and
F}j also act along the line of centers and
conserve linear and angular momentum.
There is an independent random function
for each pair of particles. Also there is a

relation between both constants y and o as
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In order for the steady-state solution to the equation of
motion to be the Gibbs ensemble and for the fluctuation-
dissipation theorem to be satisfied, it has been shown that
only one of the two weight functions w°and »® can be
chosen arbitrarily,”]

°(r) = [ (n)]* (8)
which, furthermore, is usually taken as,

2
D _ R 2 _ (Tc — rU) rij <Tec

P =l = { § (NG ©)

Finally, the spring force fs, which acts between the con-

nected beads in a molecule, has the form of,

=Y c7 (10)
7

where C is a harmonic type spring constant for the con-
necting pairs of beads in a molecule, and is chosen equal to
4 (in terms of kyT).2!

follows, 3¢

02 = 2ykgT (7)
In our simulations, y=4.5 and the tempera-
ture kgT=1. As such, 0=3.0 according to

Equation (7).
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Figure 1. Morphology variation of A;B; in the presence of a neutral solvent S with ¢,
simulated in a box of 15 x 15 x 15. The interaction parameters are set as axg=
40 and aps=adgs=25. The red, green, and blue colors represent A, B, and S,

respectively.
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Note that a modified version of the velocity Verlet
algorithm is used here to solve the Newtonian equation of
motion, 8!

it + M) = 1(t) () A+ fi(t) - AP

Vi(t + At) = vi(t) + Afi(t) - At
Ffi(t + At) = fi[ri(t + At) + Vi(t + At)]

Vit + At) = vi(t) +%At~ () + filt + A (11)

In particular, we choose A=0.65 and At=0.05 here. As
such, the time evolution of morphology patterns is recor-
ded until the systems show a stable pattern.

Results and Discussion

In simulating the phase separation behavior of A,,B,
amphiphilic molecules in the presence of a solvent S by
DPD, the particle density p is kept equal to 3. As such, the
dimensionless repulsion parameter (i.e., in terms of kgT)
between equal particles a; in Equation (4) is set equal to 25
to resemble the Flory interaction parameters x;=0; I=A,
B, S. We adopt a 3-D lattice with at least 15 x 15 x 15 grids
to assure that the side length of our simulation box is
significantly larger than the radius of gyration of amphi-
philic molecules. The value of the radius of gyration
for A,,B,, with m +n =10 simulated here is around 1.2—
1.4 grids. In each pattern, the red, green, and blue colors
correspond to component A, B, and S, respectively.

We first examine the effects of a neutral 0.0
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surprising since the dilution of a neutral good solvent to
symmetric lamellar amphiphilic molecules is analogous to
reducing the effective segregation between A and B. Note
that between the totally disordered and the well ordered L
phase, for example when ¢=0.7, the corresponding pat-
tern in Figure 1 shows a micelle-like structure, that is with
chains aggregating as large droplets but no formation of
well ordered structures. If we sort it out as the disordered
state, the order disorder transition ¢opr from the DPD
simulations occurs between 0.7 and 0.75. With the corres-
ponding value of (xasN)egs=15.3 for Gaussian chains
(v=0.5) and 19.5 for swollen chains (v=0.588), ¢opr
predicted by the dilution approximation of SCMF theory!”}
ranges between 0.69 and 0.54; while ¢opr by including the
fluctuation effects!*>*® are 0.79 and 0.68. It is clear that our
simulation results for amphiphilic molecules in a neutral
solvent by DPD are in a better agreement with the
theoretical predictions by including the fluctuation effects.

Figure 2 presents the phase map in terms of the A
composition f and ¢ for an amphiphilic molecule A,,B,
(m+n=10) in the presence of a B-selective solvent S with
interaction parameters a,s = 50, ags = 25, and aap = 50.
When the solutions are concentrated, as f decreases from
0.5, a transition of lamellae (L) — perforated A-layers (PL,)
or gyroid (G,) — hexagonally-packed A-formed cylinders
(CHEX) — ordered A-formed spheres (S,)— disordered
micelles (D™ ) disordered phase (D) is observed.
That is, the morphology is mainly dominated by the
composition f, similar to that in the amphiphilic copoly-
mer melts. As the solutions becomes less concentrated, due
to the fact that S prefers the B block and thus acts in a

solvent on the phase behavior of amphiphilic [ T a L
molecules. Figure 1 displays the structural pat- L & ;/ ¢ PL orG,
terns at various ¢ for AsBs in the presence of a . e o PL G‘
_ Qe — 0.2 e .- ® o e - 5 O Mg
neutral solvent when asg =40 and das = dgs = . ' i
. . - ‘ ! A C
25. According to Equation (3), the parameter | I,’. e © ® ©) % A
aap =40 corresponds to yag = 4.3. Therefore, the L : SN A O
effective A/B interaction parameter (xpN). 0.4 - ',' e o o O///A A 1! SB
calculated by the following equation,!*”4% i ! PO A
O | ‘e o o4 Sm ox % {05
X N -_ | v ,’/ )/ N Micelle
CtasN)esr = 50 v 1z 0bp e o4 As¥ x  yolD
1+ 3.9N3 r ! ., S . 1| * 2-phase
s @ ‘A A AD O 1
) L e s Py
is qual to 1.5.3 a.nd 19.5 for unperturbed 08 L L A b A &2 S
Gaussian chains (i.e, v=0.5) and swollen L - S S A
chains (v=0.588), respectively. No matter - i A A ¢ 1 | SENZANSCIAN
which value of (xagN)efs is used, according to r o [ S 1

the prediction by the SCMF theory,*®) AsBs 0.0
forms the stable lamellar (L) phase, as expected.
With adding the solvent amount (i.e., decreas-
ing ¢), it is clear that the solutions with ¢ > 0.75
form a well ordered lamellar (L) phase and I
become disordered (D) as ¢ <0.5. This is not
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Figure 2. Two-dimensional phase map as a function of f and ¢ for A,,B,
(m+ n=10) in the presence of a selective solvent S with interaction parameters
Gps = 50, dgs = 25, and dag = 50.
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manner that corresponds qualitatively to reducing the A
composition, the formation of A-formed cylinders as well
as spheres is expected even for f>0.5. In Figure 3 we
present the corresponding patterns at various ¢ for AsBs in
the B-selective solvent S when a,s =50, ags =25, and a,g =
50. As expected, S distributes more in the B-rich domains,
and a transition of L (¢ > 0.8) —»PLy (¢=0.75)— CiEX
(0.7>¢>05)—-SEC  (04>¢>02)— DMl (5=
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0.1) — D occurs as ¢ decreases. In addition to the various
microphase transitions induced by varying ¢, a macro-
phase separation into an AB molecule-rich and an
S-rich phase occurs when f>0.5 due to the immisci-
bility between A and S. As can be seen in Figure 4,
where the structural patterns at various ¢ for AgB,
(f=0.8) in the B-selective solvent S (aas=050,
aps=25) and a,p =50 are shown, a lyotropic transition

Figure 3. Morphology variation of A;B; in the presence of a selective solvent S with ¢, simulated in a box of 15 x 15 x 15. The interaction
parameters are set as axs = 50, dgs = 25, and d,s = 50. The red, green, and blue colors represent A, B, and S, respectively. In each pattern, the

isosurface of the A component is also shown.
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Figure 4. Morphology variation of AgB, in the presence of a selective solvent S with ¢. The interaction parameters are set as axs = 50,
ags = 25, and as = 50. All patterns are generated in a box of 15 x 15 x 15, except the one at ¢ = 0.8, generated in a box of 20 x 20 x 20. The
red, green, and blue colors represent A, B, and S, respectively. The red and green surfaces correspond to the isosurfaces of A and B,

respectively.

of Cg™*(1.0>¢>09)—Gg (p=0.8)— 2-macrophase
(¢ <0.7) occurs. In general, these DPD simulated results
have been in a qualitatively good agreement with our
previous SCMF results except for the spherical ordering
phase.**! Recall that both experimental**2¢! and theore-
tical®* studies have confirmed that the formed “normal”
spheres adopt a bcc lattice while the “inverted” spheres
tend to pack from bcc to fcc upon increasing the solvent
selectivity and/or solvent amount. However, our DPD
results for the systems in Figure 2 demonstrate that the
formed spheres when f =~ 0.4-0.6 and ~0.2-0.3 adopt the
packing array of fcc and A15, respectively. In Figure 3 and
Figure 5 we present the typical fcc and A15 packed spheres
formed by AsBs (f=0.5) and AsB; (f=0.3), respectively, at
¢=0.4, aps=>50, ags=25, and a,g=>50. With a further
inspection, the number of the effective spheres formed
within the same simulation box of 15 x 15 x 15 in Figure 3
and 5 is equal to 4 and 8, respectively, which simply
corresponds to the value of effective spheres in a fcc and
A15 lattice, respectively. In our previous DPD study of
phase behavior of A;B; amphiphilic molecules in two

solvents, we observed various spherical packing orders,
such as bcc, fcc, and A15, by simulating the same system
but with different box sizes.[*”) Though we did not perform
the simulations with different box sizes here, we believe
that this finite size effect on the spherical packing order
also exists in the diblock copolymer solutions when only
one solvent is added. However, for the lamellar and hexa-
gonally packed cylindrical phases, as long as the simula-
tion box size is significantly larger than the radius of
gyration of amphiphilic molecules, we observe no finite
size effects as in the spherical phase via DPD. Generally
speaking, though DPD may not identify the most stable
packing array of spheres due to the significant finite size
effects, it reveals the possibility for the spheres packing
into an A15 lattice, which has been ignored in previous
SCMF studies. Indeed, in addition to fcc and bcc,
A15 has been proposed a quite possible state in the
amphiphilic molecule systems.*® To compare the dif-
ference between these spherical ordered phases experi-
mentally, small-angle X-ray scattering (SAXS) is frequently
employed, as the allowed reflection peaks occur at

acromolecular
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Figure 5. Morphology patterns of A;B, in the presence of a selective solvent S with ¢ = 0.4, axs = 50, dgs = 25, and axs = 50, simulated in a
box of 15 x 15 x 15. In each pattern, only the isosurface of A component is shown.

V2:v4:V6:V8:V10..,  V3:W4:/B:VIlWi12..,
and V4 :v/5:v6:v12:v13..., for bee, fce, and A15,
respectively.

To examine the effects of solvent selectivity and ¢ on the
resulting phase behavior by DPD, we set ags equal to 25
and vary a,s. Figure 6 presents the resulting phase map as
a function of ¢ and as for symmetric amphiphilic
molecules AsBs when a,pg=50. As expected, the ordered
regime is greatly enlarged with the solvent selectivity.
When the solvent is neutral (as = ags = 25), a transition of
L—D occurs upon dilution. When a slightly selective
solvent is added, a sequence from L— PL,— CIEX
p™icelle D is observed with decreasing ¢. Increasing

the solvent selectivity enables these spheres formed at
¢~0.2-0.4 to adopt an ordered array. In addition, as the
solvent selectivity increases, more solvent is expelled from
the A-formed cores into the matrix regimes. Accordingly,
the overlapping degree of B-chains in the matrix decreases
upon increasing the solvent selectivity, as shown in
Figure 7 where we present the spherical patterns formed
by the symmetric AsBs in a B-selective solvent with ¢ =
0.4 and ags=25 at various values of aps. As has been
observed in both experimentall**?®! and SCMF theoreti-
cal®* studies, when the solvent selectivity is slight, due to
the fact that the chain overlapping degree is larger, the
formed spheres have long-range interactions like the soft

S r——TrmTT1T

X ] :' (L i | L
! 1
! ; . * PL orG,
50F @& "‘ e o o ! A AE’:[I 1 4 C:EX
| [}
1 | (- e S
45 © ‘'@ @ @ A Aeon - A
\\ : : : & D icelle
A} | [} *
0L © o e @4 A:QE] - D
N
das o D
I X e e & \A Ae¢n .
\\\\ II /’r
30 X X X X @Y /IQ,tlEl -
\ /’/
] //
25 XX eaea@_':l] o .
1 1 | I i 1 1 | -

¢

20 L1 1. ST SR T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 6. Two-dimensional phase map as a function of ¢ and aas for a symmetric amphiphilic molecule AB; in the presence of a solvent

when axg =50 and ags = 25.
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ags = 25, and axs = (a) 50, (b) 45, and (c) 40, respectively. The red, green, and blue colors represent A, B, and S, respectively. In each pattern,

I Figure 7. Spherical patterns formed by symmetric A;B; in a B-selective solvent simulated in a box of 15 x 15 x 15 with ¢ = 0.4, a,s = 50,

the isosurface of A component is also shown.

spheres and thus may adopt a less dense bcc packing; upon
increasing the solvent selectivity, the decrease in the chain
overlapping degree enables these spheres to adopt a more
dense fcc packing like the hard spheres.

Conclusion

We employ DPD to simulate the phase behavior of an AB
type of short amphiphilic molecules in the presence of

Macromol. Theory Simul. 2007, 16, 77-85
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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one solvent S. In particular, the effects of composition of
amphiphilic molecules, solvent selectivity, and solvent
amount, are examined. In the neutral good solvents, our
current DPD results reveal that the symmetric amphiphilic
molecules undergo a lyotropic transition from a well
ordered lamellar to a micelle-like and then to a totally
disordered phase, which is analogous to the thermotropic
transition in the melts. Indeed, for neutral good solvents
the order-disorder transition results via the DPD are
in good agreement with the theoretical predictions by

DOI: 10.1002/mats.200600057
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including fluctuation effects as well as with experimental
studies. In the selective solvents, DPD has successfully
captured most of the phase transition behavior obtained
by both SCMF calculations and experiments. For example,
various transitions from the “normal” phases (i.e,
the minority blocks form the minor domains) to even
the “inverted” phases (formed by the majority blocks) can
be induced by varying solvent selectivity and solvent
amount. Furthermore, for the inverted spherical phase the
chain overlapping degree in the matrix decreases with the
solvent selectivity, which has also been observed in the
thermotropic transition of bcc — fcc by the SCMF theory.
Though the packing order of the spherical micelles is
greatly affected by the finite size of the simulation box,
DPD reveals a possible order of Al5, which has been
ignored in current SCMF work.
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