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we suggest that glassiness persists at the nanoscale in worm-like micelles composed of amphiphilic diblock copolymers of
poly(ethylene oxide)—polystyrene (PS). The glassiness of these worms is indicated by a lack of fluorescence recovery after

photobleaching as well as microns-length rigid segments separated by hinges. Coarse-grained molecular dynamics studies

probe the dynamics of the PS in these glassy worms. Addition of organic solvent promotes a transition from hinged to fully

flexible worms and to spheres or vesicles. Simulation demonstrates two populations of organic solvent in the core of the

micelle—a solvent ‘pool’ in the micelle core and a second population that accumulates at the interface between core and

corona.

Stable heterogeneity of residual solvent could explain the unusual hinged rigidity, but solvent removal during

shear-extension could be more effective and yield - as observed - nearly straight worms without hinges.

A. Introduction

Amphiphilic copolymers with strongly segregating blocks readily
form self-assembled structures in water spanning similar
morphologies as found in their small-molecule surfactant
counterparts’3. Worm micelles are a novel class of stable with
tunable-property self-assembling macromolecules and have an
enormous potential for drug delivery*® and bio-nanotechnology? 8.
Most of the worm micelles that have been studied so far have fluid
phase hydrophobic cores, or contain solvent additives that fluidize
the core, rendering the worms flexible®10, However, there are some
exceptions!t. For example, rigid worm-like micelles have been found
for the case of worm-micelles with the hydrophobic block composed
by semi-crystalline polycaprolactone!l. Herein we demonstrate that
polystyrene-based copolymers, in addition to polycaprolactone-
based copolymers, can be utilized to engineer worm-like micelles
with controlled rigidity. Extreme hydrophobicity and a high glass
transition temperature (around 100 °C) make polystyrene-based
worm-like micelles a unique case to study glassiness at the nano-
scale. Surface and interfacial effects on the glass transition
temperature and associated structural relaxation is a widely debated
issuel16 Previous experiments on thin films of polystyrene (PS)
consistently show a decrease in glass transition temperature as the
film width is decreased®3 1617, Similar results have been found for
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polystyrene nanoparticles 1822 and micelles?3 2. Experimental
studies on polystyrene-based micellar aggregates have also
characterized morphological transitions® 2527 between phases as a
function of block-specific solvents, as well as on the rheology of
aggregates of micelles. Indeed, diblock copolymer assemblies that
exhibit order-order transitions such as vesicle-to-worm?8, vesicle-to-
sphere?®, or even vesicle-to-polymersomes3® are of interest as
stimuli-responsive materials 3.  The free energy of the micelle
system with encapsulated hydrophobic solvent has multiple
contributions: the entropic and enthalpic mixing contributions of the
hydrophobic polymer with the organic solvent, the entropic and
enthalpic contributions of the hydrophobic polymer with respect to
water, the deformation of the hydrophobic and hydrophilic
polymers, the entropic and enthalpic contributions due to swelling
of the hydrophilic block, the entropic cost to localize the polymer to
the interface, as well as the interfacial tension32, Herein we
characterize morphological transitions of glassy worm-like micelles
through incorporation of organic solvent in the micellar core with
coarse-grained simulations of PEO-PS worm-like micelles that
complement macroscopic observations of their contour length and
flexibility, demonstrating a transition from worm-to-sphere.

The glass transition of polymer melts has been characterized
computationally most extensively with the Kremer-Grest bead-
spring model33. Recently, this model has been used to study the
effects of nano-confinement on the glass transition in confined
polymer layers34. Bead-spring models have also been used to study
the effects of aging on the glass transition temperature in freely
standing films3>. Polystyrene has been increasingly well-studied with
simulation techniques3t42, Numerous molecular-based models for
PS have been developed, utilizing both structural®® and
thermodynamic*® mapping methodologies. Indeed, these types of
approaches to coarse grain force field development have shown to
be fairly transferrable and applicable to the simulation of a range of
soft self-assemblies*? 43-43, Within this study, we expand a previously
developed Shinoda-DeVane-Klein (SDK)-type model of polystyrene*l,
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and combine it with an SDK coarse grain model of polyethelene-
oxide?** to simulate PEO-PS diblock copolymer worm-like micelles in
solution.  These simulations add molecular level insight to
macroscopic observations of these glassy worms.

Herein we study the PEO-PS system on the scale of the individual
worm molecules, and directly visualize worm dynamics and solvent
effects using fluorescence microscopy. We also perform molecular
dynamics simulations (MD) of 0.3 micron long PEO-PS worm
micelles both in aqueous medium for 0.7 microsecond simulations
and in the presence of a model organic solvent. We
computationally characterize polymer segmental relaxation within
the worm micelles, and demonstrate a decrease in relaxation time
of the PS as a function of incorporated organic solvent
concentration. This correlates with a decrease in contour length as
well as a shift in morphology observed at the macro-scale. Within
the worm micelle, we find that organic solvent accumulates both at
the hydrophobic/hydrophilic interface and also in the center of the
worm micelle core. As a function of increased concentration of
organic solvent, the pool of organic solvent accumulates in the
center of the hydrophobic core with an increasing entropic
contribution compared to solvent that accumulates at the
hydrophobic/hydrophilic interface that would correspond to a
decrease the interfacial tension between the core and corona. In
addition to the organic solvent that accumulates in the center of the
micelle core, we find that the radius of the core increases, the width
of the hydrophobic/hydrophilic interface increases, and the volume
fraction of hydrophobic polystyrene decreases as a function of
increased hydrophobic solvent concentration. Thus, there is a
change in the dilution of the PS which likely gives rise to a shift in the
enthalpic and entropic mixing free energy of the PS as a function of
increased solvent concentration32.

B. Materials and Methods

In brief, experiments were performed with PS-PEO of varying
molecular weights 0S30 (PEOsg-PSzs, My 5.5 kg/mol) and 0S90
(PEO193-PSgs, M, 17.5 kg/mol). Worm micelles were prepared by the
co-solvent evaporation method. The cores of the micelles were
labeled by 1 pL hydrophobic fluorophore PKH26 to enable
visualization under fluorescence microscopy. Like experiment, two
different PEO-PS worme-like micelles with chain lengths of PEOsgPSs
(0S30) and PEO7oPSs; (0S31) were simulated using LAMMPS®0,
Snapshot of the equilibrated 0S30 worm micelle is shown in Figure
1A and 1B. Figure 1A and 1B are the same snapshot of the worm
micelle from two different angles to show the core and corona more
clearly. Each system contained approximately 1200 polymers and
400,000 water molecules. The total system size is nearly 800,000
coarse grain beads with box dimensions of approximately 0.3 x 0.3 x
0.5 um. Both 0.3 micron long 0S30 and 0S31 worms were simulated
for 700 ns with the time step of 10 fs. All simulations were performed
under NPT conditions at 300 K. To explore the effect of solvent, we
performed four additional simulations of 0OS30 in the presence of
2.5%, 5%, 10%, and 20% model hydrophobic solvent. In these cases,
we inserted 3250, 6500, 13000, and 26000 hydrophobic beads
randomly inside the core of the worm. This is followed by 50 ns
simulation of each of the system under NPT ensemble conditions
following the same protocol as described above. Additional
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methods are available

experimental and simulation

Supplemental Information.

PEO Corona :‘

Fig 1 (A) Snapshot of 0S30 worm micelle after 0.7 microseconds from one
end removing the endcap to show the orange PEO chains and glassy PS core
in grey. CG water beads within 5 A of the PEO is shown in cyan. (B) Side
view of 0S30 worm micelle with same coloring scheme, removing a portion
of the hydrophilic PEO to show the PS core. (C) Snapshots of an 0S30 and
an 0S90 worm. Snapshots are 1-2 sec between frames. The hinged motion
of the 0S30 worm is clearly visible compared to the extremely rigid whole
bodv motion of the 0S90 worm. Scale bar 10 microns.

C. Methodology

Dynamical properties of PEO and PS were investigated by calculation
self-intermediate scattering function (Fs (Qt)). Fs (Qt) can be
represent && (Q t) =< exp( — iQ(r;(t) — r;(0)) >

where Qs the wave vector, and r(t) and r;(0) denote position vectors
of the i-th tagged bead at time t and t = O, respectively. The value of
|Q| is taken to be 1 A~ in the calculations.

Thermodynamic properties of the hydrophobic solvent were then
calculated using SPAM method 1. According to this method, the free
energy of a solvent can be represent as

Gspam = —RT InQspam (1)
E
Qspam = Xg,[P(Es) eXP(_R—; ] (2)
where Qgspap is the partition function and P (Es) is the probability of
a solvent having interaction energy Es with its surroundings. Then,

the enthalpic component (Sg) can be calculated using Equation 3
TSs =<Es > —Gspam (3)

where <Es> is the average energy of the solvent. The interaction
energy of the solvent was calculated by computing the non-bonded
energy of a tagged solvent with its surrounding. Here, we explored
the thermodynamic properties of the solvent as a function of
distance from the central axis of the worm. To calculate the position
dependent thermodynamic properties of the hydrophobic solvent,
we divided the whole volume of the worm micelle with equally
spaced bins with radius of approximately 10 A and then calculated
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the corresponding energy probability distributions P(Es) for each bin
separately.

All calculations such as: i) density profiles, ii) core radius iii) self-
intermediate scattering function iv) mean square displacements
were performed over last 600 ns of equilibrated trajectories. For
mean square displacement and self-intermediate scattering
function, we performed block-averaging. We split each 600 ns
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Fig 2 (A) Final snapshots of 0S30 (left) and 0S31 (right) after 700 ns
simulation. Here PEO is shown in blue and PS in red (backbone) and green
(side chain) (B) Density profile of PEO (blue) and PS (red) in worm-like
morphology relative to the center of mass of the worm core. Density of
water is shown in black. Data for 0S30 and 0S31 are shown in solid and
dotted lines respectively. (C) Average radius of the core along the central
axis of the worm averaged over 600 ns trajectories.

trajectory into 4 blocks, where each block consists of 150 ns duration.
In presence of model hydrophobic solvent, last 40 ns trajectories
were used for all the calculations. Thermodynamic properties of
hydrophobic solvent were also calculated using block average. We
split each 40 ns trajectory into 4 different blocks with 10 ns duration.

This journal is © The Royal Society of Chemistry 20xx
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D. Results and Discussion Extreme hydrophobicity and a
high glass transition temperature make polystyrene-based worm-like
micelles an ideal case to study glassiness at the nano-scale.
Furthermore, the presence of the hydrophilic corona along with the
hydrophobic core makes these systems even more interesting.
Herein, first we characterize the structure and glassiness of the PS-
PEO worm micelle. Data suggests extremely glassiness of the worm
core even at high temperatures. The glassy nature of the PS core also
makes the worm very rigid over a range of temperatures. While
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Fig 3 (A) Fluorescence recovery time of 0S90. (B) Self intermediate
scattering function, Fs(Q,t), and (C) MSD of center-of-mass of the PEO and
PS chains. Here solid and dotted lines represents data for 0S30 and 0S31
respectively.

temperature has very little effect, hydrophobic solvent easily breaks
the glassiness of the core and changes the rigidity as well as shape of
the worm micelle. Computer simulations allow us to explore the
dynamics of worm core and corona separately, as well as the shift in
organic solvent partitioning as a function of increased solvent
concentration. These studies may provide important insight about
the shape change of the diblock copolymer assemblies in the
presence of small guest molecules.

Structure and Glassiness Polystyrene is a glassy polymer with a
glass transition temperature for bulk systems close to 100 C 13. Both
the 0S30 and 0S90 diblock systems have a hydrophilic to
hydrophobic polymer ratio that is conducive to forming cylindrical
micelles, and thus at room temperature they are expected to from
worm micelles that exhibit some form of glassiness. Due to the
extreme hydrophobicity of polystyrene, hydrating thin films of PEO-
PS result in precipitation and large aggregate formation. To
overcome this, the co-solvent evaporation method is used. The
presence of a suitable solvent for polystyrene ensures substantial
fluidity in the hydrophobic region to form nominal structures.
Evaporating out the solvent can then lock in these structures. Upon
complete co-solvent evaporation, the aqueous solutions of low
molecular weight 0S30 copolymer are found to form stiff,
convoluted worm like micelles as shown in Figure 1C with an average
contour length of around 12um +/-.6um. The average core diameter
of 0S30 worms is found to be 15 nm from AFM measurements, while
0S90 worms are 30 um +/- 12 um in contour length with a core
diameter of about 30 nm. The thicker core most likely strengthens
the worm backbone enabling 0S90 to have much longer contour
lengths without breaking. The dynamics of the worm motion is
characterized by fluctuations about hinges along an otherwise rigid
and jagged backbone. Except for the fluctuations about the hinges,
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Fig 4 Variation of the contour length and fraction of worms remain constant in the solution for a wide range of solvent concentrations (A)
Chloroform, (B) Toluene and (C) Xylene. Here W, S, and V represent worm, sphere and vesicle respectively. (D) The solubilities of the three
solvents in water (from literature) are plotted as a function of the concentrations at which worms are induced and the glassy to flexible

transition.

the worms predominantly exhibit rigid whole-body motion (Figure
1C). Further information is in SI-1 characterizing the distance and
angles between hinges.

Simulation snapshots of both 0S30 and 0S31 worm micelles after
700 ns are shown in Figure 2A. The hydrophobic PS core is very stable
but the PEO corona is loose and brushy. A similar loose and brushy
PEO corona is also observed in previous simulation studies of PEO-
PCL worm micelles®2.  Unlike experiment, the simulated worm
micelles have no ‘hinges’ along the rigid backbone. The difference in
lengths of the worm-micelles between the experimental (~10
micron) and the simulated (~ 400 A) worms may be responsible for
this. Next, to explore the distributions of hydrophobic and
hydrophilic monomer in the worm-like morphology in more detail, in
Figure 2B, we present the density profile of PEO, PS, and water as a
function of distance from the central axis of the micelle. Density
profiles reveal that the micellar cores are mainly composed of
hydrophobic PS molecules. The average radius of the worm core is
around 70 A (width of the plateau region of the PS density profile).
This agrees very well with the experimentally estimated average
diameter (150 A) of 0530 from AFM measurements. The density of
the PS in the core of the micelle ~ 1.1 g/cm3, which is slightly higher
than the reported bulk PS density of 1.04 g/cm3. The relatively
broader distributions of PEO at a lower density ~ 0.5 g/cm3 again
suggest the loose and brushy nature of the PEO corona. Next we
compute the average radius of the micellar core R, which can be
defined as the distance between PS-PEO interface and the center of
the worm micelle. Variation of Rc along the central axis of the worms
are shown in Figure 2C averaged over 600 ns. In agreement with
experiment, the jagged nature of the hydrophobic backbone of both
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the worm micelles is clearly evident. This agrees well with highly
stable and glassy nature of the PS core.

After characterizing the worm structure, FRAP experiments are
performed to study the mobility of PKH26 hydrophobic dye
molecules within the core of the micelle. No significant fluorescence
recovery is seen up to 20 minutes with 0S90 worms when all
chloroform has been evaporated from the core (Figure 3A). For
typical flexible diblock worm micelles with fluid cores, the FRAP
recovery time is of the order of seconds, indicating the OS90 core is
very highly entangled and glassy, preventing even the mobility of a
small embedded dye molecule. FRAP on the aqueous 0S30 worms
also confirms the glassiness of the worm backbone. Temperature
dependent FRAP also shows no clear indication of breaking glassiness
up to 60 °C (See Supplemental Information).

While the PS core is glassy, the loose PEO corona is more fluid-like.
The combined effect can determine the overall rigidity of the worm.
Now, to characterize the polymer segmental relaxation within the
worm micelle, we also calculate self-intermediate scattering function
(Fs(Q t))%3 of PEO and PS for the simulated worms. These calculations
are averaged over the center of mass of each PEO and PS chains
separately and over different reference initial times. Results are
shown in Figure 3B. Much faster relaxation of F; (Qt) of PEO
compared to PS indicates the time scale difference between corona
and core regions of the worm. To estimate the time scale difference
more quantitatively, we fit the decay curves using a Kohlrausch-
Williams-Watts (KWW) multi-stretched exponential®* 55 and
calculate average relaxation times (t (Q)). Compared to PEO (tpeo ~2
ns), the average relaxation time of PS (tps ~50 ns) is nearly 25 times
longer. Next, to investigate the polymer diffusion in more detail, we

This journal is © The Royal Society of Chemistry 20xx



calculate MSD (<Ar2>) of PEO and PS center of mass, as shown in
Figure 3C. At short time scales, polymers generally follow Rouse
dynamics33 56,57, We fit the MSD data with a power low (<Arz> =t
where a is the exponent). a value lower than the unit clearly reveals
the sublinear diffusion of both PEO and PS. Much lower a value
indicates more sublinear diffusion for PS (0.48) compared to PEO
(0.77). The entanglement molecular weight of PS at room
temperature of ~ 160 monomers is much longer than the length of
the hydrophobic tails. At 353 K, the entanglement molecular weight
of PEO ~ 44 monomers®8, which is approximately the length of the
hydrophilic PEO in our simulations. Here, a for PS ~0.48 is consistent
with Rouse dynamics.

Solvent Effect So far it is clear that PS based diblock copolymers
provide stable and rigid worm micelles. The high glass transition
temperature of the PS core makes the PS-based worm micelle very
rigid over a range of temperatures. While temperature has very little
effect, addition of organic solvent can alter the rigidity of the worm
due to the breaking of glassiness of the PS core. Thus, specific solvent
can be easily used to engineer worm micelles with controlled
flexibility. To study this, various organic solvents, in 1 pl or 0.5 pl
increments, are added to a 1 ml solution of 0.1 mg/ml 0S30 during
the hydration step. The solvent was retained in the hydrophobic core
(and solution) without evaporation, and the effects of increasing
solvent on the worm yield and contour length of the OS30 system
was studied. The contour length was measured as the average of at
least 10 worms. Three solvents, chloroform, toluene and xylene were
chosen to be the hydrophobic core fluidizers. Importantly, the
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Fig 5 (A) Stability of 0S30 worms with solvents in core. Flexible worm
samples were prepared with 1.2 % chloroform, 0.5 % toluene and 0.5
% xylene, and observed for a period of two days. (A). The contour
lengths of the chloroform and xylene containing worms are constant
while the toluene worms shorten steadily. An increase in the
population of vesicles and spherical micelles is observed for the
toluene system. (B). The persistence length of the worms is measured
in the semi-flexible regime approximation. Xylene containing worms
are robust and maintain a uniform persistence length over two days.
Chloroform worms stiffen steadily, eventually becoming hinged and
glassy again after 2 days.
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Fig 6(A) Final snapshots of 0S30 after 50 ns simulation in presence

of model hydrophobic solvent of four different concentrations. (B)

Fs(Q,t) of PS monomers in presence of model hydrophobic solvent

at four different concentrations. Variation of average relaxation

time, T (Q), as function of solvent concentration is shown in the

inset. (C) Density profile of PEO (solid line) and PS (dotted line) in

worm-like morphology relative to the center of mass of the worm

core in presence of hydrophobic solvent at different

concentrations.
presence of solvent not only fluidized the PS core but also changed
the shape of the worm to vesicles and spherical micelles. A rough
estimate of the percentage of worms in solution is obtained by
counting the number of worms among the population containing
worms, vesicles and spherical micelles for up to 7 randomly selected
areas of the sample chamber (521x512 pixel frames at 60X
magnification). Adding chloroform in increasing quantities during
hydration does not affect the glassiness of the 0S30 worms until
around 1% chloroform. At these higher concentrations, the
glassiness and hinged morphologies vanish, with the worms
becoming smooth and increasingly flexible. Across the entire range
of chloroform concentrations tried, the worms have a remarkably
consistent contour length of around 12 um, with a less than 10%
population of spherical morphologies (Figure 4A). Toluene, on the
other hand, produces a mixture of spherical morphologies and stiff,
hinged worms until a concentration of 0.26%. At higher
concentrations the worms become flexible, and giant vesicles are
found to co-exist with the worms and spherical micelles. The giant
vesicles are easily identified by the edge brightness created by the bi-
layered structure. Both the contour length of the worms and the
fraction of worms in the population show a peaking behavior at the
concentration of toluene at which the worms become flexible (Figure
4B). At higher concentrations of toluene (> 0.4%), the worm fraction
is so low and the worms become so soft that their disintegration into
spherical
observation warrants a time-course study of the solvent saturated

micelles can be seen under the microscope. This

systems to systematically monitor any morphological changes over
time. Xylene breaks the glassiness of the 0S30 worms at a very small
concentration (< 0.1%), and has a consistently increasing fraction of
giant vesicles. While the length distribution is found to be unchanged
(Figure 4C), the worms are found to become increasingly more
flexible with the increasing concentration of xylene.

The observation of worm disintegration into spherical micelles in the
soft toluene system prompted a time-based study of the soft worms
with the various solvents in the core. Three samples of flexible 0S30
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worms are prepared with 1.2 % chloroform, 0.5 % toluene and 0.5 %
xylene respectively. Over a course of two days, the toluene contour
length distribution decreases steadily from 10 + 3 um to being
centered on 5 £ 3 um (Figure 5A). A noticeable increase in the
number of spherical micelles and giant vesicles is also observed.
Xylene worms maintained their length distributions over a period of
two days, with no significant change in the fraction of different
morphologies. The persistence length averaged over 12-15 worms
was also found to be remarkably consistent over this time period
(Figure 5). The persistence length /, was obtained by numerical fitting
to the relation

<R?> = 202[L/1y - 1+ exp(-L/l)]

Where R is the end-to-end distance of the worm, and L is the contour
length. Chloroform solvated worms show a slight increase in the
contour length and a dramatic increase in the persistence length over
two days. At the end of 48 hours, the worms regained their glassiness
and hinged dynamics, and the tangent-tangent correlation method
had to be used to calculate the persistence length. The high vapor
pressure of chloroform allows it leave the solution easily into the
air column in the sample vial. This might be the reason why the
worms to stiffen over time.

The threshold concentration needed to form worms is plotted as a
function of solubility of the corresponding organic solvents in water
in Figure 4D. The linear relation indicates that the threshold
concentration is representative of the partition coefficient of the
solvent into the worm-core in the worm-water system. Of the three
solvents, chloroform has the highest solubility in water, followed
by toluene and xylene. Thus a higher concentration of chloroform
is needed before it can fluidize the worm core by partitioning into
it. Chloroform also having the highest vapor pressure, leaves the
solution into the air the fastest, leading to the increasing stiffness
of worms with time. Toluene and xylene are cyclic molecules,
similar in structure to styrene, and hence are extremely good
solvents for polystyrene. The softening and breaking up of 0S30
worms in the presence of excess toluene most likely indicates an
enhanced mobility of the polystyrene chains resulting in breaches
in the core-corona boundary, and possible recruitment of the PS-
PEO chains to stabilize solvent droplets. Xylene is found to be an
ideal solvent for PS in the context of the current experiments. The
extremely low solubility of xylene in water results in fairly stable
populations of worms and vesicles over a period of a few days, and
a controlled softening of both the OS30 and 0S90 worms is
demonstrated.

A similar shape change often happens after loading drug or guest
molecule inside worm micelles and is closely related to its loading
efficiency®. Hence, PEO-PS worms can be a very good model system
to study the shape transformation of worm micelles in the presence
of small guest molecules. A number of theories already exist
regarding the shape change of polymer aggregates in the presence
of guest molecules. They are mostly based on the mean field
approximation32. To the best of our knowledge, no MD simulation
studies have been performed so far to characterize the
transformation of worm micelles to spherical micelles. Now, to
explore the shape change of the micelle computationally, we
simulate 0S30 in the presence of 2.5%, 5%, 10%, and 20% model
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hydrophobic solvent. Before going to any further detail, it is
important to mention here that like experiment, we are not exploring
the role of any specific organic solvents like chloroform or xylene or
toluene. The main focus of this simulation study is to understand the
role of solvent or small organic molecules in general. The final
snapshots of the worm after 50 ns in presence of model solvent at
four different concentrations are shown in Figure 6A. For 2.5 %
solvent, the shape of the worm remains almost same. However, with
increasing the solvent concentration, the worm core starts to change
its shape and eventually forms a spherical micelle in the presence of
10 % or higher solvent. Without hydrophobic solvent, the glassy
nature of the PS core makes the PEO-PS worm micelle very stable.
Hydrophobic solvents most likely fluidize the core and transform the
worm micelle to spherical micelle. Now, to explore the PS dynamics
in presence of hydrophobic solvent, we calculate F;(Q,t) of each PS
monomer. The relaxation patterns of F,(Q,t) for different solutions
are shown in Figure 6B. The average relaxation times (1 (Q)) are also
incorporated into the inset of the figure. With increasing solvent
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Fig 7 (A) Distribution of hydrophobic solvent within the worm. Here solvent
is shown in yellow color and PEO and PS in blue and red color respectively.
(B) Density profile of hydrophobic solvent relative to the center of mass of
the worm. (C) Thermodynamic properties of hydrophobic solvent as a
function of distance from the central axis of PEO-PS worm micelle (including
error).

concentration, the correlation function relaxes much faster,
especially after 5 % solvent, indicating the fluid-like nature of the
worm core. A sudden decrease in the average relaxation time after 5
% hydrophobic solvent is also evident. This indicates that due to the
likely glassy nature of the hydrophobic core in the presence of 2.5 %
solvent, the structure of the worm micelle remains stable. As we
further increase the solvent concentration, the worm core becomes
more fluid-like and the shape of the worm micelle shifts. Hence, even
for model hydrophobic solvent a threshold amount of solvent is
essential to shift the shape as well as the rigidity of the worm micelle.
This agrees well with experimental findings. The change in density
profiles for both PEO and PS also reveal the shape change of the
worm core in presence of hydrophobic solvent, as shown in Figure
6C. With increasing hydrophobic solvent concentration, the PEO
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peak position shifts to a higher value, especially at 10 % or higher
solvent concentration. This demonstrates that in the presence of
organic solvent, the PEO-PS worm micelle transforms to a spherical
shape with a larger core radius. We find that the radius of the core
scales with the concentration of solvent, (see SI 3C). Our data also
reveals that like PEO, the density profile of PS also depends on
solvent concentration. At the very center of the worm due to the
accumulation of organic solvent, PS density decreases with
increasing solvent concentration (see SI 4), pPax~ Cs128.
Furthermore, the interfacial width increases with the concentration
of solvent, Dy ~ C,93% (see SI 3D), most likely due to a lowering of the
interfacial tension®°.

From the above, we can infer that the free energy of the micelle
system shifts due to the free energy of dilution of the hydrophobic
block, PS, which consists of the entropy and enthalpy of mixing with
the organic solvent32. In addition, the free energy of the interface is
shifting as a function of increased solvent concentration. These
results are consistent with analytic calculations using the mean field
approximation by Nagarajan32. Next, it is interesting to characterize
the distribution of hydrophobic solvent inside the worm. The solvent
distribution for 10%, as well as for all other concentrations are shown
in Figure 7A and SI 6 respectively. Two different types of solvent
distributions at high and low solvent concentration are clearly visible.
To begin with, for 2.5% solvent, both the solvent and PS coexist inside
the worm core without any separation between them suggesting the
structure is more analogous to a simple solubilization model. As the
concentration of solvent increases further, the mobile solvent phase
and relatively rigid hydrophobic polymer phase start to separate with
the formation of pure ‘solvent pool’ in the center of the worm core.
With increase of solvent concentration, the size of the pool quickly
expands and eventually transforms the worm micelle to a spherical
As both the solvent and PS remain completely miscible
without formation of any pure solvent pool in the center of the worm

micelle.

for 2.5% solution, the shape of the aggregate changes very little. On
the other hand, at high concentration, the solvent molecules form a
pure solvent pool in the center of the worm and transform it into a
spherical micelle. Previously Nagarajan32 also studied the stability of
polymer micelles in the presence of hydrophobic solubilizer based on
the mean field approximation. In their approximations, the polymer
micelle with a zero pure solubilizate pool was found to be free
energetically most stable. In our case, the formation of a solvent pool
is evident from the density distributions of hydrophobic solvent from
the central axis of the worm (Figure 7B). The distributions show two
peaks near the center and the interface between PEO and PS
irrespective of solvent concentration. At higher concentration, the
peak near the center broadens again indicating the presence of a
hydrophobic solvent pool inside the worm.

Hence, depending on the distributions of the hydrophobic solvent
inside the worm core, two different types of structures are clearly
visible. At lower concentration of model solvent, the structure is
more analogous to a simple solubilization model without any
localization of the solvent inside the worm core.  With increasing
solvent concentration, a microscopic phase separation occurs
between the model solvent and PS inside the worm. The structure
of the aggregate changes to a droplet microemulsion with a pure
solvent pool in the center. Formation of such a solvent pool in the
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center results in the transformation of the worm to spherical micelle.
Next, to understand the phase separation between solvent and
polymer in more detail herein we calculate thermodynamic
properties of the hydrophobic solvent using the ‘SPAM’ method,
originally used to calculate the relative free energy of water around
biomolecules®!. A detailed description of the methodology can be
found in the methods section. The SPAM method allows us to
calculate the free energy of the solvent present at different regions
of the worm core without doing any additional biased simulations.
Free energy, entropy and enthalpy of the hydrophobic solvent as a
function of distance from the central axis of the worm are shown in
Figure 7C. The entropy and enthalpy of the hydrophobic solvent are
the entropy of mixing with the PS and the enthalpy of mixing with
the PS, respectively. In 2.5 % solvent, the energy profile is almost flat
without any minima. As the solvent concentration increases (5% or
higher), the free energy profile shows one minima near the PEO-PS
interface. But with further increasing the solvent concentration (20
%), the minimum becomes less deep or flatter. Like free energy,
entropy and enthalpy of the solvent also show no minimum near the
PEO-PS interface for 2.5 % solvent. This reveals that at lower
concentration the solvent enthalpy of mixing with the PS is high but
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Fig 8 Engineering worm micelles. (A). The tunable flexibility of the solvent
softening OS system is demonstrated. Adding increasing amounts of xylene
makes the worms increasingly flexible. At less than 1% concentrations both
the 0S30 and 0S90 systems are stable for up to two weeks. The persistence
lengths of the glassy worms are shown by the hollow circles. (B). The
normally long and convoluted OS90 worms can be straightened and
shortened by stirring the sample during the solvent evaporation step.The
average straightness ratio Lee/Lc (Lee is the end to end distance, Lc is the
contour length) for OS90 worms is 0.4. It increases to 0.75 and 0.91 when
the worms are stirred at a medium and fast rate respectively. (C). The change
in size distribution upon stirring is plotted. The stirring rates are nominal
values for a 400 ml top load of water in a 600 ml pyrex beaker
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entropy of mixing with the PS is low (nearly zero). This agrees well
with the solubilization model structure of the polymer aggregate. For
2.5 % solution the worm core still remains glassy and highly packed.
As the core is densely packed, the solvent mixing enthalpy with the
PS is low, but the mixing enthalpy is high due to strong interactions
with neighboring PS molecules. Thus, at lower concentrations,
accumulation of hydrophobic solvent inside the worm core is an
enthalpy driven process, promoted by the enthalpy of mixing with
the PS, and the structure of the aggregate is more analogous to a
simple solubilization model. As we increase the concentration, the
worm core becomes more fluid-like and the organic solvent starts to
form a hydrophobic pool near the central region of the worm,
decreasing the PS density of the core, increasing the hydrophobic
core size resulting in the overall shape of the worm shifting to a
spherically symmetric micelle. Inside the ‘pool’, the entropy of the
solvent mixing with the PS is higher (due to greater free volume) but
near the PEO-PS interface, the enthalpy of mixing with the PS is more
negative (due to strong interaction of solvent with densely packed
PS). As a result, at 5% and higher solvent concentration, the solvent
density profile displays two peaks, one near the center in the
hydrophobic ‘pool’ and one at the PEO-PS interface. Thus, the
accumulation of hydrophobic solvent inside the worm core at higher
concentrations, is a combination of both enthalpic and entropic
effects of the interaction of the PS with the solvent. The energy cost
for pool formation due to the replacement of PS from the central
region of the worm core is compensated by the entropy gain of the
organic solvent present inside the hydrophobic pool at higher
concentration. With even further increase of solvent concentration,
both the ‘pool’ size and core radius increase while the worm core
becomes more loosely packed. As a result, solvent entropy increases
further but enthalpy decreases and the minima near the PEO-PS
interface starts to disappear. This suggests that at very high
concentration the solvent accumulation process inside the worm is
an entropy driven process. Saito et al.?? have also reported that the
solubilization of estriol, a drug molecule, in a triblock copolymer is
mainly governed by entropy change of the drug. Eventually, the
solvent entropy becomes high enough to break the PEO-PS assembly.
This accumulation of solvent correlates with a lowering of the
interfacial tension due to solvent accumulation at the interface.
Thus, our free energy analysis shows, how dependent on solvent
concentration, entropic and enthalpic effects of the solvent
interacting with the PS can change the shape of the worm micelle.
From experiments it is found that compared to toluene or xylene
(more hydrophobic), the worm-like morphology of 0S30 remains
stable in a more concentrated chloroform (less hydrophobic). Due to
their more hydrophobic nature, Toluene and Xylene may prefer the
central region of the worm more than the PEO-PS interface and can
change the shape of the worm more effectively than Chloroform.

Engineering worm shape and stiffness Xylene is found to be an ideal
solvent to create worms with tunable stiffness. The tunable flexibility
of the 0S30 and 0S90 worms with xylene in their core is shown in
Figure 8. The OS30 system is stable and consistent for at least 2 days,
and for the lower concentrations of xylene, up to 2 weeks at room
temperature. The higher concentrations of xylene in 0S30 tend to
induce vesicle formation after about 3-4 days, whereas the higher
molecular weight 0S90 retains the worm fraction for at least two

8| J. Name., 2012, 00, 1-3

weeks. By projecting the curve it is seen that at about 1.5 % xylene,
the 0S30 system has a vanishingly small persistence length, which
corresponds to the projection of the solvent effects plot (Figure 4C)
where the fraction of worms is very small and the system consists
entirely of giant vesicles and some spherical micelles.

The 0S90 worms possess an average straightness ratio (Lee/Lc, where
Lee is the end to end distance, and L. is the contour length) of 0.4.
Looking at the shapes of the locked in curvature of the glassy worms,
we hypothesized that one could engineer the shapes of the worm
backbone by controllably evaporating the solvent during the worm
formation process. To this end, 2% chloroform in water solution was
added to a thin film of OS90 copolymer and the excess chloroform
was evaporated out in a controlled manner using a stir bar spinning
at two different steady rates. At 155 RPM spinning for 1 hour, the
distribution of worm lengths was similar to that of an unstirred
system, but the worms were much straighter with the average
straightness ratio (Lee/Lc) of about 0.75. For spinning at setting 550
RPM, the contour length distribution shifted dramatically to shorter
lengths, and the average straightness ratio was 0.91. This simple and
rough experiment proves that the worm morphology can be
engineered by controlling the shear and evaporation conditions
during the solvent evaporation step.

The persistence length I, can be related to the interfacial tension as
well as the diameter of the core. For a D*-dimensional object the
rigidity is K = ¢ydc4_D*~lpk3T, in which @ is an interfacial
coupling constant, y is the interfacial tension, and d. is the diameter
of the hydrophobic core®l. The interfacial coupling constant @ =~
0.05 is found for cylindrical block copolymer filomicelles 61. In our
case, D"=1. Based on simulation results as discussed within, we find
that while the core diameter increases, the interfacial width widens,
and thus the interfacial tension decreases. The decrease in
persistence length may be primarily attributed to this effect, as well
as the decrease in glassy hydrophobic PS density in the core.

Conclusions

PS-PEO worms form a novel class of worms that are extremely rigid
with a frozen-in curvature. Extraordinarily slow mobility of
embedded dye indicates the glassy nature of the hydrophobic worm
core. The mobility of embedded dye molecules is extremely low
even at 60 °C suggesting there is no lowering of glass transition
temperatures for PS in the worm configuration. While temperature
has little effect, addition of block specific solvents dramatically alters
the characteristics of the worms, fluidizing them and even favoring
non-worm like morphologies. Xylene is seen to be a particularly
useful solvent as it is possible to controllably affect the stiffness of
the worms by changing the concentration of added xylene. Within
the worm micelle, we find that organic solvent accumulates both at
the hydrophobic/hydrophilic interface and also in the center of the
worm micelle core. Thus, control of the worm diameter as well as the
width of the interface through addition of organic components can
be used as a method to engineer worm micelles with controlled
flexibility. This opens up enormous possibilities for using these self-
assembled rods as super high aspect ratio colloidal systems or as
nanocarriers with specified rigidity.
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