
Nanoscale

PAPER

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

21
/0

5/
20

18
 0

8:
26

:3
2.

 

View Article Online
View Journal  | View Issue
MOE Key Laboratory of Organic Optoe

Department of Chemistry, Tsinghua Univers

China. E-mail: dong913@tsinghua.edu.cn; z

† Electronic supplementary information
both AA and CG models, and CG force
a-CD. See DOI: 10.1039/c3nr33619k

Cite this: Nanoscale, 2013, 5, 3681

Received 13th November 2012
Accepted 20th February 2013

DOI: 10.1039/c3nr33619k

www.rsc.org/nanoscale

This journal is ª The Royal Society of
Coarse-grained molecular dynamics simulations of
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The supramolecular self-assembly and disassembly that are responsive to external stimuli are of critical

importance to the design and synthesis of functional supramolecular materials. In this work, we

performed a coarse-grained molecular dynamics study of photo-controlled assembly and disassembly on

a timescale of ten microseconds. The spontaneous assembly of cis-AzoC10, trans-AzoC10, and cis-

AzoC10/a-CD into micelle-like aggregates, and the disassembly of trans-AzoC10/a-CD starting from a

pre-assembled micelle were directly simulated. Our results of simulations have revealed a significant size

and shape dependence of aggregates on the molecular structure and concentrations of monomers. As

demonstrated, with careful design, coarse-grained molecular dynamics simulations are useful in the

study of controlled assembly and disassembly to bridge the gap between atomistic simulations and

experiments.
1 Introduction

The assembly and disassembly that are responsive to external
stimuli such as pH, temperature, light, and redox state are of
central importance in the design and synthesis of functional
supramolecular materials that many researchers have been
focusing on.1–6 The azobenzene moiety, a well-studied photo-
active system, can undergo cis–trans photoisomerization in
response to UV and visible light, which can result in the size and
polarity change of the azobenzene unit.7–12 As a result, azo-
benzene has been widely used in synthetic photo-responsive
macromolecules to modulate the structure and functions of
nanomechanical devices.13–15 In particular, trans-azobenzene
can form an inclusion complex with a-cyclodextrin (a-CD)
driven by hydrophobic interactions, but cis-azobenzene cannot
form an inclusion complex with a-CD due to the size
mismatch.3,4 The light-driven reversible host–guest inclusion
and exclusion between azobenzene and a-CD have been utilized
to design molecular machines.16–18 As an example, a photo-
controlled reversible assembly and disassembly has been
observed in aqueous solution taking advantage of the host–
guest interaction between an azobenzene-containing amphi-
phile 1-[10-(4-phenylazophenoxy)decyl]pyridinium bromide
(AzoC10) and a-CD.4 It was observed that rstly AzoC10 as a
surfactant can form vesicles in aqueous solution. Secondly,
when a-CD was added, the vesicles disassembled. Thirdly, when
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the above system was irradiated by UV light, the vesicles were
formed again, moreover, the vesicle-like aggregates dis-
assembled by further irradiation of visible light. This reversible
assembly and disassembly can be cycled many times. The size
and shape of the vesicle-like aggregates formed by trans-AzoC10
and cis-AzoC10 were similar, but different from those formed by
AzoC10 in the presence of a-CD and irradiated by UV light. It
indicated that the latter was built from the inclusion complex
formed between cis-AzoC10 and a-CD.

To understand the molecular basis of the observed photo-
switchable assembly and disassembly, we performed atomistic
molecular dynamics (MD) simulations of the host–guest inclu-
sion between AzoC10 and a-CD.19 Our results of simulations
showed that both cis- and trans-AzoC10 can form an inclusion
complex with a-CD. For trans-AzoC10, the azobenzene moiety is
axially included at the central cavity of a-CD. For cis-AzoC10, a
favorable binding mode is that one of the phenyl rings is
exposed to water, while the other is included in the cavity of a-
CD. It is also observed that a-CD can shuttle over the long alkyl
chain of cis-AzoC10. These ndings have helped us to under-
stand the experimental observations; cis-AzoC10/a-CD was
amphiphilic so it assembled, while trans-AzoC10/a-CD was not
amphiphilic so it disassembled. Based on the atomistic simu-
lations, in this work we investigate the extended assembly of a
vast number of host and guest molecules, addressing the size
and shape dependence of assemblies on the molecular struc-
ture and concentrations of monomers in the photo-controlled
assembly. In this case, an all-atom (AA) representation of
molecular systems is usually not practical, and the development
of coarse-grained (CG) models, in which several heavy atoms are
grouped together and represented by one particle, becomes
necessary.
Nanoscale, 2013, 5, 3681–3689 | 3681
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Table 1 Summary of simulations conducted

Labels Systems Nsurf Nwater
a L (nm) Timeb (ms)

1 cis-AzoC10 (AA) 70 107 781 15.0 0.01
2 cis-AzoC10 (CG) 70 107 780 14.9 0.1
3 trans-AzoC10 (AA) 50 108 356 15.0 0.01
4 trans-AzoC10 (CG) 50 108 356 14.9 0.1
5 a-CD (AA) 40 108 046 15.0 0.01
6 a-CD (CG) 40 108 060 15.0 0.8
7 cis-AzoC10 (CG) 500 994 712 31.1 6.4
8 cis-AzoC10 (CG) 1000 984 848 31.2 6.4
9 cis-AzoC10 (CG) 1500 974 252 31.2 6.4
10 cis-AzoC10 (CG) 2000 965 120 31.3 6.4 (10)
11 trans-AzoC10 (CG) 500 995 048 31.1 5.6
12 trans-AzoC10 (CG) 1000 985 112 31.2 5.6
13 trans-AzoC10 (CG) 1500 975 608 31.3 5.6
14 trans-AzoC10 (CG) 2000 965 580 31.3 5.6 (10)
15 a-CD/cis-AzoC10 (CG) 768 820 508 29.9 8.0 (2)
16 a-CD/cis-AzoC10 (CG) 384 251 322 31.5 8.0 (2)
17 a-CD/cis-AzoC10 (CG) 192 248 830 31.3 8.0 (2)
18 a-CD/trans-AzoC10 (CG) 40 144 896 16.4 8.0 (2)

a The number of watermolecules was 4 times that of the CG beads in the
systems since the MARTINI force eld uses a 4 : 1 mapping for water
molecules. b The number in the parentheses is the number of
trajectories simulated.
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Large-scale molecular dynamics simulations of self-assem-
bling systems using CG models have been at the frontier of
theoretical chemistry.20,21 The assembly of amphiphiles such as
surfactants, block co-polymers, and lipids not only represents
one of the most intensively investigated systems, but also the
most successful ones studied to date using CG molecular
dynamics simulations.22–24 There are currently three major
approaches of coarse-graining: (1) reverse Monte Carlo
methods,25–29 (2) force matching schemes,30–35 and (3) the
development of empirical CG force elds.36–38 The last one is an
extension of Smit's approach,39 where the parameterization of
each CG segment was done empirically using selected func-
tional forms. The MARTINI force eld,36,37 which was parame-
terized to reproduce the partitioning free energies between
polar and apolar phases of a large number of chemical
compounds, is one of the most successful examples of the CG
force elds, particularly in applications to the study of self-
assembly in aqueous solution. Recently, CG models for carbo-
hydrates were also developed in the MARTINI force eld.40 This
extended model used a mapping of three interaction sites per
glucose residue. In this work, we adopted the MARTINI CG
scheme to model water molecules as the solvent, AzoC10 the
surfactant, and a-CD the cyclic oligosaccharide. It is empha-
sized that there are existing studies in the literature focusing on
the size and shape dependence of aggregates on the molecular
structure of monomers, such as short and long chain cationic
surfactants41 and multiheaded surfactants,42 and there are also
reports on the shape dependence of micelles on the surfactant
concentrations,43 but we have not seen any study aiming at
addressing this issue in the photo-controlled assembly
involving photoisomerization and the host–guest interaction. In
this case, sufficient structural features have to be retained in the
CG model to distinguish cis- and trans-isomers of AzoC10, and
to characterize the hydrophobic cavity and hydrophilic exterior
of a-CD, making our CG simulations much more challenging.
Our CG models based on the MARTINI force eld were further
validated by comparing with the corresponding atomistic
models and have been found to be able to capture the amphi-
philicity change caused by the host–guest interaction and
photoisomerization. Importantly, our ten microsecond molec-
ular dynamics simulations have revealed the size and shape
dependence of aggregates on the molecular structure of
monomers.
2 Model and simulation methods
2.1 Simulation setup

Table 1 provides a summary of the detailed simulation setup
used in this work. Firstly, in order to validate the CG model, we
carried out contrast simulations of cis-, trans-AzoC10, and a-CD
with both AA and CG molecular dynamics in a cubic box with
dimensions of 15 � 15 � 15 nm, labeled as 1–6 in Table 1. The
starting congurations of cis- and trans-AzoC10 in both AA and
CG simulations were a pre-assembled spherical micelle gener-
ated by the PACKMOL program;44 simulations of a-CDs were
started from a random distribution in aqueous solution.
Secondly, we performed large-scale CG simulations for both cis-
3682 | Nanoscale, 2013, 5, 3681–3689
and trans-AzoC10 at four concentrations by randomly placing
500, 1000, 1500, and 2000 surfactants in a cubic box of 30 nm on
each side, labeled as 7–14 in Table 1. Lastly, we performed CG
molecular dynamics simulations of cis-AzoC10/a-CD and trans-
AzoC10/a-CD complexes in aqueous solution with the cubic box
of 30 nm and 15 nm on each side, respectively, labeled as 15–18
in Table 1. The starting conguration of cis-AzoC10/a-CD was an
ordered arrangement of the inclusion complexes produced in
the VMD program.45 The simulation of trans-AzoC10/a-CD was
started from a pre-assembled micelle generated with the
PACKMOL program.44

2.2 Mapping

Based on the mapping rule of the MARTINI force eld,37 we
constructed a CG model for cis-, trans-AzoC10 and a-CD,
respectively. There are four main types of beads: polar (P),
nonpolar (N), apolar (C) and charged (Q) to represent the
chemical nature of the underlying atomistic structures. The
bead types of ring atoms are labeled by a prex “S”. Both cis-
AzoC10 and trans-AzoC10 were represented by 14 CG beads
(Fig. 1a). The phenyl rings in the azobenzene moiety and the
oxygen atom bonded to it were represented by two equilateral
triangular rings, made up of CG particles of type SC4. The
double-bonded two nitrogen atoms (N]N) were represented by
one bead of type N0. The hydrocarbon chains were divided
sequentially into propyl, butyl, and propyl groups, represented
by the particles of type C2, C1, and C2 respectively. The pyr-
idinium group was mapped onto an equilateral triangular ring
represented by particles of type SC3, SC3, and SQ0 respectively.
The solvated bromide ion was represented by a bead of type Qa
with unit negative charge. For cis- and trans-AzoC10 molecules,
all CG beads were assigned a mass of 72 amu for chain struc-
tures and 45 amu for ring structures in our simulations.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Mapping from atomistic structures to CG beads for trans-AzoC10 and a-
CD. The types of beads are labeled with the prefix “S” denoting the ring beads.
The final CG models are represented by the ball-and-stick scheme. The azo-
benzene moiety is colored green, the alkyl chain cyan, and the hydrophilic head
red. The same coloring code is used for all the figures presented in this work. The
mapping and types of beads for cis-AzoC10 is the same as for trans-AzoC10.
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a-CD was represented by 18 CG beads, with three beads per
sugar unit (Fig. 1b). Due to the hydrophobic cavity and hydro-
philic exterior nature, a-CD formed a host–guest inclusion
complex with the hydrophobic azobenzene moiety of AzoC10 in
aqueous solution.19 For each glucose unit: –CH2OH of the
primary rim was grouped into one bead of type P1, two –CHOH
of the secondary rim were grouped into one bead of type P4, and
the remaining atoms of themiddle part were represented by one
bead of type N0. Besides, all beads of a-CD were assigned
realistic masses so that accurate kinetics can be obtained.37
2.3 CG force eld

The force eld parameters for the nonbonded interactions
between CG sites were the same as the MARTINI force eld,37

and the dielectric screening factor in the current version of
MARTINI is 15. The parameters for the bonded interactions in
our system were very different from the standard MARTINI
force eld. Due to the high energy barriers,46,47 cis–trans
isomerization of the azobenzene moiety is not possible in the
absence of visible or UV light excitation. Since we were inter-
ested in the assembly and disassembly when AzoC10 was in
either cis or trans form, we can distinguish the azobenzene
conformation in the CG model by applying a harmonic

potential function VangleðqÞ ¼ 1
2
Kangleðq� q0Þ2 on the angle

dened by SC4, N0, and SC4 beads with Kangle 10 and 30 kJ
mol�1 rad�2, q0 120� and 180�, for cis- and trans-azobenzene,
respectively. To model the host–guest interactions between a-
CD and AzoC10, the cavity of a-CD should be kept rigid. So all
the bond length terms were replaced by an appropriate set of
constraints, and the force constants assigned for angles were
larger than the original MARTINI force eld; furthermore, the
proper dihedral potential Vpd(f) ¼ Kpd[1 + cos(f � fpd)] with a
multiplicity of 1 and the improper dihedral angle potential
This journal is ª The Royal Society of Chemistry 2013
Vid(f) ¼ Kid(f � fid)
2 were applied. As for the solvent water

molecules, we adopted a standard MARTINI CG model37

directly. Because of the smoother potential functions of the CG
model compared to the AA model, the dynamics of CG simu-
lation is signicantly faster. On the basis of a comparison of
diffusion rates of real water and CG water, and the dynamics
of alkanes and lipids, a scaling factor of 4 was used for the
timescale interpretation.37 The timescale used to present the
results below is effective, i.e., the simulation time multiplied
by a factor of 4.

All the simulations were performed with the GROMACS
package (version 4.5.4)48 in anNPT ensemble with T¼ 300 K and
P ¼ 1 atm. The weak couplings to external heat and pressure
baths were applied based on the Berendsen scheme.49 Before
starting MD simulations, an energy minimization using the
steepest descent algorithm was performed. Periodic boundary
conditions were applied in all directions to minimize the edge
effects in a nite system. Trajectory analysis were done with the
help of utility tools included in the GROMACS48 and VMD45

packages.
3 Results and discussion
3.1 Micellar structure comparison: AA vs. CG molecular
dynamics simulations

The application of the MARTINI force eld to our system is
straightforward, though we have to make necessary modica-
tions to address our question, the photo-controlled assembly, as
mentioned above. In general, the MARTINI force eld is trans-
ferrable, but before applying it to a new system and addressing a
specic question, we have to validate it. In case the amphiphi-
licity is essential, it is a standard practice to compare the
micellar structure between AA and CGmodels. The snapshots of
both cis- and trans-AzoC10 micellar structures, as well as the
radial distribution function (RDF) proles for each chemical
group of the surfactants as a function of the center-of-mass
(COM) distance between that group and the entire micelle, are
shown in Fig. 2 for AA and CG models. It is clear that, for either
of the surfactants, the nal equilibrated micelle structures
generated from the equilibrium simulations of 10 ns and 200 ns
with AA and CG models, respectively, are quite similar. The
RDFs were generated using the trajectories towards the end of
the simulation when the micelles were in relatively stable
conformations. The peaks of the RDFs coincide with each other
within 0.15 nm, for each chemical group of the surfactants. The
water molecules penetrate into the micelle to a somewhat larger
extent in the AA simulations, which is simply caused by repre-
senting four realistic water molecules with one single CG
solvent particle in the CG simulations. Moreover, it is apparent
that the peak positions of RDFs of each component such as the
azobenzene moieties, the alkyl chains, and the charged head
groups appear in an order of increased distance to the micellar
center. So, a common feature of the micelles in our simulations
is that the azobenzene groups are packed tightly, while the
carbon chains and the charged head groups are packed loosely.
A comparison between AA and CG models for a-CD is provided
in the ESI.†
Nanoscale, 2013, 5, 3681–3689 | 3683
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Fig. 2 Snapshots of the equilibrated micelle structures and RDFs from the center-of-mass (COM) of each surfactant group to that of the micelle for (a) cis-AzoC10 and
(b) trans-AzoC10 compared between AA (solid lines) and CG (symbols) models. The azobenzene moiety is colored green, the alkyl chain cyan, and the hydrophilic head
red. The hydrogen atoms in the AA model and the water molecules in both models are not shown for clarity.
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3.2 Aggregation of cis-AzoC10 and trans-AzoC10

Fig. 3 shows snapshots taken during the aggregation of N¼ 500
cis-AzoC10 (upper panel), N ¼ 2000 cis-AzoC10 (middle panel),
and N ¼ 2000 trans-AzoC10 (lower panel). For N ¼ 500 cis-
AzoC10 starting from a random distribution in aqueous solu-
tion, surfactant monomers rst aggregate into small clusters,
and then these small clusters coalesce to form spherical
micelles. At the nal stage of aggregation, the majorities of the
aggregates are spherical micelles. A similar behavior was
observed for N ¼ 500 trans-AzoC10. For cis-AzoC10 and trans-
AzoC10 with N ¼ 2000 monomers starting from random
distributions, we observed a rapid local aggregation into small
clusters, which coalesce to larger clusters or spherical micelles.
The larger clusters or spherical micelles further coalesce into
disk-like micelles in the case of cis-AzoC10 and worm-like
micelles in the case of trans-AzoC10. It is noted that micelles of
different shapes and sizes co-exist in aqueous solution at high
surfactant concentrations. Ten simulations were performed for
either cis- or trans-AzoC10, starting from random distributions
of N ¼ 2000 monomers in the simulation box. At the nal stage
of simulations, the size distribution of the aggregates was
counted and is presented in Fig. 4. It shows that for cis-AzoC10
about 0.48 of the micelles are disk-shaped, and for trans-AzoC10
about 0.52 are worm-like. For both cis- and trans-AzoC10, when
the number of monomers in the aggregates is below 100, the
micelles are spherical, and when the size of aggregates is above
100, the micelles turn into disk-like in the case of cis-AzoC10
and worm-like in the case of trans-AzoC10. The different shapes
of aggregates can be attributed to different molecular structures
of monomers. The compact cis form of azobenzene is more
3684 | Nanoscale, 2013, 5, 3681–3689
bulky than the extended trans form. The packing of cis-AzoC10
is not easy to regulate to form irregular worm-like micelles as
trans-AzoC10 does. As a result, cis-AzoC10 tends to form disk-
like micelles, which are more ordered than worm-like micelles.
Our simulation results clearly showed that the shape of aggre-
gates has a strong dependence on the molecular structure and
concentrations of monomers. The predictions made on the size
distributions of micelles are anticipated to be tested by solution
scattering experiments in the future.

The clustering analyses have been performed, by the
modied g_clustsize program of Wu,50 to gain more informa-
tion on the aggregation dynamics. When any of the tail
particles in two surfactants are separated by no more than a
cutoff distance of 0.5 nm, they are regarded as belonging to
the same cluster. By our denition, a cluster is constituted by
at least two monomers. If none of the monomers satises the
above condition, the number of clusters is zero. Fig. 5 plots the
time evolution of the number of monomers that do not belong
to any cluster, the number of clusters and the average size of
clusters for cis-AzoC10 during the aggregation process with a
total number of surfactants N ¼ 500, 1000, 1500 and 2000,
respectively. Similar analysis for trans-AzoC10 is provided in
Fig. S2 of the ESI.† It can be seen that the number of clusters
suddenly increases and reaches a maximum within tens of
nanoseconds, which corresponds to the rst stage of aggre-
gation, the nucleation. Meanwhile, the number of isolated
monomers decreases quickly. The average size of clusters,
dened as the average number of monomers in clusters, was
plotted as a function of simulation time on a log–log scale to
show the dynamics properly. The rst stage, t < 0.03 ms, is the
nucleation of spherical micelles. The second stage, 0.03 ms < t
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Snapshots taken in the simulation of 500 cis-AzoC10 (upper), 2000 cis-AzoC10 (middle) and 2000 trans-AzoC10 (lower) aggregating into micelles. The CG
water particles are not shown for clarity.
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< 0.3 ms, is the formation and growth of spherical micelles. The
aggregation dynamics at this stage obeys a power law of t0.5,
which is consistent with the Smoluchowski theory of diffusion-
limited aggregation.51 Aer that, an increase in the cluster size
via cluster fusion is signicantly slowed down due to repulsive
interactions between the charged head groups. This stage
corresponds to the formation of the disk-like or worm-like
micelles.
3.3 Self-assembly of a-CD/cis-AzoC10 complexes

In the following, the impact of a-CD on the assembly is dis-
cussed. Our previous all-atom simulations19 showed that
cis-AzoC10/a-CD is amphiphilic with the long alkyl chain of cis-
AzoC10 encapsulated in the cavity of a-CD and the nonpolar
cis-azobenzene moiety exposed to the bulk water. To investi-
gate the assembly of cis-AzoC10/a-CD, we performed CG
simulations starting from an ordered arrangement of the
complexes on a three-dimensional lattice, solvated in a cubic
box of water with a side length of 30 nm. The duration of the
simulation was over 8.0 ms. Fig. 6 contains snapshots illus-
trating the aggregation process of cis-AzoC10/a-CD with N ¼
192, 384, and 768 inclusion complexes in the box. Starting
This journal is ª The Royal Society of Chemistry 2013
from an ordered arrangement, we rst observed a rapid local
clustering, which then merges into inter-connected worm-like
structures. Next, these irregular structures transform them-
selves into large single worm-like micelles. Most a-CDs have
shuttled to the pyridinium side of cis-AzoC10 with the azo-
benzene moiety completely excluded from the cavity. The
hydrophobic azobenzene moieties aggregate to form the inner
core of worm-like micelles, and the hydrophilic pyridinium
head groups are located at the outermost of worm-like micelles
(see Fig. S4†). The hydrophobic carbon chains, included in the
cavity of a-CD, are either extended or bent to regulate the
position of a-CDs. a-CDs surround the surface of worm-like
micelles and protect the hydrophobic azobenzene moiety from
being exposed to water. However, due to the bulky size of a-
CD, some hydrophobic azobenzene groups are still exposed
and loosely packed. Due to the special property of a-CD, the
amphiphilicity of cis-AzoC10/a-CD is relatively weak, and the
assembly was slower than that of either cis- or trans-AzoC10. In
contrast to cis- or trans-AzoC10, cis-AzoC10/a-CD aggregates
into worm-like micelles at all concentrations, and the micelles
are not spherical irrespective of their size. Moreover, the size
and shape of micelles formed by cis-AzoC10/a-CD are different
from those formed by pure AzoC10.
Nanoscale, 2013, 5, 3681–3689 | 3685
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Fig. 4 Size distribution of the micelles at the final stage of simulations with N ¼
2000 monomers: cis-AzoC10 (top) and trans-AzoC10 (bottom). Ten trajectories
were used to obtain the distribution for either cis- or trans-AzoC10. The shape of
the micelles was also denoted.

Fig. 5 Time evolution of the number of monomers, the number of clusters, and
the average size of clusters in the aggregation of cis-AzoC10 with N ¼ 500, 1000,
1500, and 2000, respectively.

3686 | Nanoscale, 2013, 5, 3681–3689
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3.4 Disassembly of trans-AzoC10/a-CD

In trans-AzoC10/a-CD, the hydrophobic azobenzene moiety is
included axially in the cavity of a-CD,19 so trans-AzoC10/a-CD is
no longer amphiphilic. Finally, to mimic the disassembly
experiments of trans-AzoC10/a-CD in aqueous solution, we set
up a pre-assembled micelle of N ¼ 40 monomers (Fig. 7a) with
the help of PACKMOL program.44 For each inclusion complex,
the azobenzene moiety is included in the central cavity of a-
CD; thus, in this pre-assembled starting conguration, the
bulky a-CDs are located at the inner core of the micelle. And
then, the pre-assembled structure was solvated in a cubic box
lled with roughly 36 224 pre-equilibrated CG water. Next, we
minimized the energy of the solvated system and conrmed
the absence of CG water particles in the inner core of the
micelle. Aer the above preparation, we performed CG
molecular dynamics simulations of 8.0 ms. Fig. 7b shows the
nal conguration of trans-AzoC10/a-CD in aqueous solution
at the end of simulation. It is clear that: (1) most a-CDs are
dispersed into the bulk water and CG water particles have
penetrated into the micelle; thus, trans-AzoC10/a-CD are
separated from each other and surrounded by water; (2) the
azobenzene moiety is still included in the a-CD cavity of each
trans-AzoC10/a-CD inclusion complex; (3) although trans-
AzoC10/a-CD are isolated, they are close to each other in
space, and there are local aggregations of a-CDs in a shoulder
by shoulder manner.

Fig. 7c plots the atomistic water distributions within 5 Å of
each chemical group: azobenzene, carbon chain, pyridinium
head and a-CD at the beginning, nal, and completely “dis-
assembled” stage of trans-AzoC10/a-CD disassembly. At t¼ 0 ms,
the trans-azobenzene moiety encapsulated in a-CD is packed in
the inner core of the micelle, due to the bulky size of a-CD, the
packing is quite loose. Aer solvation, there are about 2 to 3
water molecules on average in the vicinity of azobenzene, and 8
water molecules in the vicinity of a-CD. The hydrophobic
carbon chains extend freely in the outer shell of the micelle, and
the number of water molecules within 5 Å is about 5. As for the
outermost packed head groups, the solvation is complete,
and the number of water molecules within 5 Å is about 11. At t¼
8.0 ms, a-CDs with azobenzene included are dispersed into the
bulk, so water molecules have increased signicantly to 21, and
correspondingly the number of water molecules within 5 Å of
azobenzene have increased to 5. Because carbon chains are bent
aer 8 ms simulation, the number of water molecules decreased
to 4. At the nal stage of simulation, though disassembled trans-
AzoC10/a-CD are still conned in space, leading to water
distribution around the head group less than that at the
beginning of simulation.

To better illustrate the degree of disassembly, we performed
a contrast simulation. The starting conguration for this
simulation was generated by randomly placing 40 trans-AzoC10/
a-CD in a cubic box and solvated. A 100 ns CG simulation was
performed. Water distribution in the neighborhood of each
residue was calculated using the trajectory near the end of the
simulation. The statistical result was plotted and labeled as
“disassembled” in Fig. 7c. It represents water distribution of
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Snapshots taken in the aggregation of the cis-AzoC10/a-CD inclusion complexes, with N ¼ 192, 384, and 768 respectively. The CG water particles are not
shown for clarity.

Fig. 7 (a) The micelle structure at the beginning of the disassembly simulation built with trans-AzoC10/a-CD. The CG water particles are not shown for clarity. (b) The
final structures at the end of 8 ms simulation. The blue beads represent CG water particles. (c) The atomistic water distributions within 5 Å of each residue: azobenzene
(green), carbon chain (cyan), head group (red) and a-CD (yellow) at the beginning (t ¼ 0 ms) and end (t ¼ 8.0 ms) of the simulation, as well as in the completely
disassembled state which was obtained by equilibrating randomly distributed trans-AzoC10/a-CD in a box of water.
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trans-AzoC10/a-CD in a completely disassembled state. It is
clear that water distribution around all residues in the “dis-
assembled” state is larger than that observed in the nal
conguration of the disassembly simulation at t ¼ 8 ms. So,
This journal is ª The Royal Society of Chemistry 2013
though disassembled at the end of the simulation starting from
a pre-assembled micelle, trans-AzoC10/a-CD are still conned
in space and it will take much more time for them to ll the
entire box.
Nanoscale, 2013, 5, 3681–3689 | 3687
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4 Conclusions

The CG model offers several orders of magnitude speedup in
molecular dynamics simulations as compared to those based on
atomistic descriptions. In this work, we used CG molecular
dynamics simulations and the modied MARTINI force eld to
investigate aggregation of cis-, trans-AzoC10, and cis-AzoC10/a-
CD into micelles in aqueous solution. The size and shape of
spontaneously assembled micelles with cis-AzoC10, trans-
AzoC10, and the cis-AzoC10/a-CD were analyzed. The simula-
tions of cis- and trans-AzoC10 at different concentrations on a
timescale of ten microseconds have revealed a signicant shape
dependence of aggregates on the molecular structure and
concentrations of monomers. At low concentrations, both cis-
and trans-AzoC10 aggregated exclusively into spherical micelles.
At high concentrations, disk-like and spherical micelles co-
existed in the case of cis-AzoC10, and worm-like and spherical
micelles co-existed in the case of trans-AzoC10. The aggregation
dynamics within the simulation time can be divided into three
stages: the rapid nucleation at t < 0.03 ms; the formation and
growth of spherical micelles at 0.03 ms < t < 0.3 ms; and nally,
the formation of disk-like or worm-like micelles at t > 1 ms. Due
to the loss of amphiphilicity, disassembly of a pre-assembled
micelle with trans-AzoC10/a-CD was observed. In conclusion, to
study the photo-controlled assembly, CG models have to be
carefully designed in order to capture the amphiphilicity
change caused by host–guest interactions and photo-
isomerization. CG molecular dynamics simulations are antici-
pated to be a useful tool in the study of controlled assembly and
disassembly to bridge the gap between atomistic simulations
and experiments.
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