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Coarse-Grained Simulations of Gels of Nonionic Multiblock
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ABSTRACT: Solutions of multiblock nonionic polymers with hydrophobic blocks in water exhibit crystalline

and liquid-crystalline phases over a narrow temperature range. This strong temperature sensitivity, critical in the
design of novel self-assembled materials, is the result of the drastic increase of hydrophobicity combined with
the weakening of solvating interactions (hydrogen bonding or dipolar) as the temperature is raised. In this paper,
we separate thermal fluctuations into a “kinetic” temperature and solvation effects and parametrize temperature
variations with a single parametet, where the solvent is modeled implicitly. We provide a microscopic
interpretation for this parameter, and molecular dynamics simulations are used to investigate the phases of short
ABCBA pentablocks, where the A and C blocks are hydrophobic and the B blocks are hydrophilic but contain
hydrophobic groups. At low temperatures and for increasing concentrations, the system undergeegeh sol
transition. The gel is swollen and consists of highly interconnected spherical micelles with a finite lifetime. At
higher temperatures, lamellar and perforated lamellar phases are found for increasing polymer concentrations,
while for intermediate concentrations, the system is found in a supercoiled gel. We find good agreement of our
results with modified and inverted Pluronic systems and discuss the relevance for other polymers including
hydrophobic blocks such as telechelic or peptide-based polymers.

Introduction Pluronic and telechelic polymers are just two examples

The success of self-assembly as a technique to make ne\,\)exhibitir_1g the diversity of phases anq morphologies of _s_olutions
materials hinges on our ability to synthesize or recognize the ©f multiblock polymers that combine both hydrophilic and
appropriate components, ranging from simple molecules to hydrophobic blocks. The synthesis of nove! multiblock copoly-
complex aggregates, and to identify the environmental condi- Mers and §urfactants that self-assemblg into new phases and
tions that must be met for the components to self-assemble intomerphologies has become a very active field. Recent examples
a material exhibiting the specific physical, chemical, and/or include toroidal supramolecular assembfig/-junction mi-
biological properties of intere® Polymers offer unique (:elle.s,13 and dendritic surfactants showing a number of phases
properties as componeritélonic polymers (polyelectrolytes) that |n_cIL_Jde an A15 _Iattlcé“. This A15 Igttlce is characteristic
are soluble in water and play a critical role in many biological ©f @ minimal area tiling of the three-dimensional sp&cand
and industrial processes. Nonionic polymers may also be waterit has recently been predictédo be a stable phase in melts of
soluble if they contain functional groups that form sufficiently Pranched copolymers. Another example of polymer synthesis
strong hydrogen bonds with water molecules. is the attachment of 2-(d|ethylam|r_10)ethyl methacrylate (DE-

Polymers in solution interact with each other, leading to AEM) blocks to the ends of a Pluronic F127 polymeéDEAEM
spatial and/or temporal organizations such as crystals, liquid- Plocks are hydrophobic at high pH (pH 8), but as the pH is
crystals, thermoreversible gels, etc. Our current understandinglowered, the DEAEM groups gain a proton, become charged
of these organizations and their dependence on chemical@nd. therefore, hydrophilit’.The combined PluronicDEAEM
composition, chain topology, solvent properties, and other System (PLD) is both strongly temperature and pH sensitive,
factors is still poof. Multiblock copolymers offer an even wider ~ Where the strong temperature sensitivity is inherited from the
range of phases and morphologies. Telechelic polymers are ABAPIuronic chain and the pH sensitivity results from the DEAEM
triblock polymers, where the B block is a long water-soluble _end bl_ock_s. This rich sensitivity to external changes qllows the
chain and A blocks are short, surfactant-sized hydrophobic investigation of self-assembled structures by precisely and
chains. Telechelic polymers in solution form flowerlike micelles, independently tuning the relative strength of hydrogen-bonding,
which are well understood theoreticéiiy and are responsible  €léctrostatic, and hydrophobic forces.
for the relative simplicity of its rheological propertig®luronic In this paper, we provide a general model to investigate
polymers are short (about 100 monomers or less) triblock ABA nonionic multiblock polymers in solution, where one or several
polymers where A is poly(ethylene oxide) (PEO) and B is blocks contain hydrophobic groups, and present concrete results
polypropylene oxide (PPO) (see ref 10 for a recent review). for the PLD system for which abundant experimental data
The phase diagram of Pluronic polymers as a function of exists!”1920Previous MD simulations of the PLD system have
temperature, polymer concentration, chain length, and relative been performed with a model where the solvent is considered
fraction of PEO to PPO monomers is fascinatingly diverse and €xplicitly.** Such simulations are appropriate to explore the
encompasses all phases observed in diblock copolymerHelts  structure of single micelles but are still computationally too

and many others, such as nematic and cubatic liquid-crystalline costly for determining phase diagrams. Implicit solvent models
phases. enable simulations of large systefds?* Although several

effects may not be reliably accounted for, most notably

* Corresponding authors. E-mail: joaander@ameslab.gov (J.A.A); Nhydrodynamics, implicit models are expected to provide an
trvsst@ameslab.gov (A.T.). accurate description of static equilibrium properties.
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0.06 CH, The phase diagram of an aqueous solution of PEO as a
q unction of temperature and concentration is complex and has
z—n— funct f t t d trat I dh
n iyl ® e been the subject of recent stud¥s In this paper, we consider
2 number density] - . o
0.05 [~ ufmelhanﬁin gs[ e e short PEO blocks at temperatures within the range8m°C.
1 LI In this region of the phase diagram, PEO blocks are well
5 of Mumber donsity| . described as a chain in a good solvent.
0.04 n, . Model and Simulation Details. The polymers we consider
in this paper are pentablock copolymers with an ABCBA

structure. As shown in Figure 2, each A block is composed of
6 beads and has two branches, the B blocks consist of 10 beads,
and the C blocks of 7 beads; each polymer contains a total of
39 beads. The choice of 10 Kuhn monomers for block B is
002 ! ! L L L consistent with a chain of 100 PEO units as it follows from
80 30 320 30 30 K experiment value® The number of Kuhn monomers of the

T © other blocks are then fixed by mimicking the composition of

S L
Figure 1. Ostwald coefficienty of methane as a function of the real PLD SySterﬁ' as '”u_Str'?ted In _Flgure 2. .

temperature (ref 26 and references therein) showing the drastic change We describe the nonbonding interactions as effective Lennard-
in solubility as a function of temperature. Jones 6-12 potentials. Following the discussion at the end of
the previous subsection, the beads in both A and C blocks are

0.03
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A C B A becoming of poorer quality with an increasing valuexofrhus
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Figure 2. PLD system consists of a F127 pluronic with DEAEM

groups attached at both ends (adapted from ref 20). Below, we show

the model representation used in the simulations. At high pH, DEAEM

are hydrophobic. i
g

Model U = 4e[7) @3)

r

Temperature Sensitivity of Hydrophobic Monomers. A
common characteristic of soluble polymers containing hydro- so a given B bead will avoid all other nonbonded beads and
phobic blocks is their strong temperature sensitivity. In Plu- prefer contact with the solvent. At = 1, the interactions of B
ronics, for example, different phases are observed over theare the same as with A and C and therefore hydrophobic. It
narrow temperature range between 10 and®®&Pwith more should be noted that a similar model has been recently used to
ordered phases found fancreasingtemperaturé® investigate the globular-to-coil transitiéh.All beads in our

The origin of this anomalous behavior results from the drastic model have the same massand interaction range. It has
increase in hydrophobicity combined with the weakening of recently been showif that the solvent significantly modifies
hydrogen-bonding interactions, which enhance solubility, as the packing of the polymer as compared with the same situation
temperature is increased. The temperature dependence of thavithout solvent. This effect becomes particularly important for
hydrophobic effect can be seen in the analysis of the Ostwald solvents bulkier than water, like benzene, but even in this case,
coefficient for methané® As shown in Figure 1, an increase in  the effect is short-ranged (less than 1 nm), so it is reasonable

At a = 0, this potential is purely repulsive

temperature of 38C, in absolute temperatureAT/T) ~ 10%, to expect that it can be incorporated into the parameters of the
results in an increases of hydrophobicity by a factor of 2. Longer coarse-grained description.
alkanes follow similar trend®¥ so we assume a similar The hydrophobic effect is the driving force responsible for

hydrophobic effect for polymers containing hydrocarbons. In the different structures observed, and in our model, the
Pluronics polymers, the oxygen in the PEO groups has a stronghydrophobic interaction is parametrized dysee eq 2). Within
hydrogen-bonding interaction with water molecules, which is the temperature range between 10 and@5thermal fluctua-
enough to keep PEO soluble at all temperat@rés. PPO tions are around\T/T ~ 10%, while hydrophobic interactions
monomers, however, the additional methyl group (see Figure change by a factor of around two, as discussed in the previous
2) is enough to drive them insoluble at around°®) section. In our simulations, we will keep tkimetictemperature
The consequence of Figure 1 is that the quality of the solvent fixed and assume that temperature variations are fully accounted
(water) for hydrocarbons is rapidly decreasing over a narrow for by the parametex. From previous considerations, the error
temperature range. Coarse-grained models for polymers containinvolved in this approximation should be of the order of 10%,
ing hydrocarbon groups where the solvent is modeled implicitly which is most likely less than the error resulting from coarse-
or with a simplified potential must consider potentials with a graining and treating the solvent implicitly.
strong temperature sensitivity. Otherwise, solubility will inevi- The nearest beads within the polymer chain are connected
tably increase with temperature. by a harmonic potential given by CDV
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any bending potential. Simulation time step
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Figure 3. Typical time evolution of the configuration energy and
where the numbeNmo, = 39 is the number of beads per number of micelles during the simulations. Configuration data needed
polymer. All potentials are cut off at a valug = 3 o. to calculate the number of micelles is only sampled every 20 000 time
Simulations are performed in the canonical NVT ensemble using steps, so markers are drawn for the first few data points.
the Nose-Hoover thermostét for temperature control. The

i i 2\ 35 i
equations of motion are integrated using the Verlet leapfrog running time<®(),* wheren is the number of A and C beads.

The identified micelles are insensitive tg, from 1.22 ¢ to
algorithm with a time stept = 0.00203r, wherer = v mo’/e 2.000. The valuerc = 1.44 0 is used in all results presented
is the unit of dimensionless time. in this paper.

The initial configuration is generated using the GenPol Let Nagg be the aggregation number of a given micelle. With
packag€? GenPol uses a combination of Monte Carlo and 2200 micelles forming per configuration, the distribution of
molecular dynamics algorithms to create relaxed homogeneousN,qis of interest. LeM(Nagg be the number of micelles with
polymer chains. aggregation numbeN,qq in a given configuration, then the

In the simulation runs of the swollen gel phase, the system aggregation number distribution is found from
is equilibrated for 1 million time steps. After the equilibration

period, the configuration of the system is recorded every 20 000 W(Nag ()

time steps as it runs for an additional 4 million. Figure 3 shows W(N,y) = —— (6)
the typical behavior of the potential energy and the number of W(N g)

micelles during these runs. The number of micelles is given as g ag

a quantity more sensitive to the structure than the potential 299

energy from which equilibration at 1 million time steps is clearly

! : - : The sh f the micell h ized f h i
demonstrated. Judging from the micelle lifetimes (see Figure € shapes of the micelles are characterized from the gyration

4
11 and containing section), a very conservative lower bound of tensof
the number of independent configurations for a single simulation 1N
run is about three. Considering that each configuration contains G.=— ro— ro.— 0 7
~200 micelles, that already gives a total~e600 independent BN L io = Rema)(is ~ Remg) 0

micelles from which to generate statistics. We recall that, in
the micelle lifetime movie (see the Supporting Information), it where the index runs over allcore hydrophobic beads within

is clearly seen that micelles change drastically in shape and sizehe micelle andRym,, is the center of mass of the micelle. The
in less than half of their lifetime, so the actual number of three eigenvalues of the matr (ordered agy; > g2 > Q3)

independent configurations is expected to be significantly larger characterize the radii of a given micelle.

than three. Several observables are used to characterize the superstruc-
The concentrated regime equilibrataschmore slowly, and tures of micelles. We define laridging polymeras a polymer

these simulation runs are usually equilibrated after-12 that has hydrophobic blocks in at least two micelles. The

million time steps. Overall, the total CPU time employed to bridging fraction fg is defined as the number of bridging

run the simulations reported in this paper is around 2.2 years polymers relative to the total number of polymers. Percolation

on a single 3.2 GHz Intel Xeon processor. is also of interest, and we define the gel fractiign as the
Observable Quantities. The system investigated here gener- fraction of polymers belonging to the largest group of micelles

ally forms micelles whose structure and superstructure we interconnected by bridging polymers.

characterize with various observables. The first step is to identify  we also investigate the statistics of the coordination number

individual micelles, and we proceed with a similar criteria used N of a micelle, defined as the total number of different micelles

previously by other autho$:**Any A or C bead that lies within  that a given micelle is connected to via bridging polymers. The

a distancerc, of any A or C bead belonging to a micelle is  distribution of coordination numbersc(Nc) is defined in the

included in that micelle. To identify micelles for a fairly large  same way asv(Nagy).

numbers of polymersNpoly Of the order 1000), an efficient Ordered structures are analyzed by computing the static

algorithm is required. Consider the set of A and C monomers structure factor,

to be a fully connected graph. Each bead is a node in the graph,

and each edge has a weight equal to the distance between the 1 NN

beads. Then edges longer thap are removed. Now, finding @) =—— Z Z @mg (8)

the beads belonging to each micelle is equivalent to finding NpoiyNmon 51 1=

the largest set of spanning trees that cover a partitioning of the

graph. This can be done using a bottom-up algorithm with and by visual inspection of the configurations. CDV
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Figure 4. Flory exponent as a function of the parameterfor long Fi ; ; ctrih
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+1 standard deviation.

Aggregation numbers are variable in time as micelles gain 019_ I * .
or lose polymers. We thus define the micelle lifetimeas the 0'8 | o 7 j
time taken for a given micelle to lose half of its initial polymers. o‘~ vvvvvvvvv .
This is calculated as follows: LeM; be the set ofcore = o'([s- e .
hydrophobic monomers of micelleat time stepi. For each % '
recorded time ste, the set intersectioh(j, k, m) = M;° N M‘r‘n ;E g'z: o i
is calculated for all micellesin time stepk (time step 0O refers B &
to the first time step after equilibration). The micefte= Mmax .31
that gives the largest number of elementsi{p k, m) is 0.2t ; ‘
identified as the “same” micelle gs The lifetime 7 is then 0.1y % = < fp>
defined as the first time step, where the number of elements in 00 002 004 006 008 o,: <0ﬁ926‘ >0_14
[(j, 7L, Mmay is less than half that iM;°. b

Solvent distribution is also of interest. In our model, solvent Figure 6. MsJand ByqJas a function of concentration a = 0.0
is implicit, so we compute the solvent distribution from the g0 hars are displayed at1 standard deviation. A sharp transition
following; Spheres of radius & are placed on a grid in the  in both HyJand slis observed fromps = 0.02 toge = 0.04.
simulation box, and local distributiongex for X = A, B, C
beads are calculated inside each sphere. The solvent distributionncreasing temperature. The results in Figure 5 confirm this
¢p sis then obtained fronpp s+ (¢p A+ ¢p s+ ¢p ) =C. The tendency and show that thermal fluctuations are not significant
constantc defines the packing fraction and is chosen by askgT/e ranges from 1 to 1.2, but they become quite significant
assuming that “solvent” beads are absent in regions of high at ksT/e = 1.3, shifting to considerably lower aggregation
hydrophobicity, where only A and C beads are present. The numbers. We therefore interprégT/e = 1.3 as a critical
valuec ~ 0.57, which corresponds to random loose packing, temperature where thermal effects are dominant over the

was consistently used. potential energy and will restrict the temperature within the
domainkgT/e < 1.3. We recall that, if we associakgT/e = 1
Results to a temperature around 2@, ks T/e = 1.3 is a temperature of

The a. Parameter and the Assumption of Constant Kinetic ~ around 90°C, so the approximation of constant “kinetic”
Temperature. It is assumed that A and C blocks are hydro- temperature allows exploration of the relevant temperature range.
phobic and B blocks hydrophilic, but with the solvent becoming ~ The Swollen Gel.If B blocks are strongly hydrophiliax =
of poorer quality for increasing temperature. We provide a more 0. micelles consisting of cores of A and C beads and a corona
quantitative mapping of the parameterto the quality of the ~ Of B blocks are formed. At low polymer concentratign, the
solvent by simulating a single polymer chain consisting only Micelles are spaced far apart and the system consists of almost
of B beads and computing the Flory exponerfby extrapolat- independent micelles. Agp is increased, micelles move closer
ing the gyration radius as a function of increasing number of together and become physically connected by bridging polymers.
Kuhn lengths) as a function of the paramaterThe results in At a crit?cal concentration, all micelles are connected and the
Figure 4 show a Flory exponent corresponding to a good solventSystem is a gel.

v ~ 35 in the region witho. from 0 to 0.4, a® pointv ~ 1, The gelation order parameter fig = 1.0, indicating that
arounda. ~ 0.45, and poor solvent ~ ¥/ in the regiona. > polymers are connected (percolate) through the entire soRftion.
0.45. In simulations of PLD systems, where the B blocks are The critical gelation concentratiosy (the lowest polymer
PEO and hydrophilic at all temperatures, the values. @fre concentration wheréye ~ 1.0) is obtained by inspection of
restricted too. < 0.4. Figure 6 and ispg ~ 0.04. Examination of the snapshot in

We further assume that the dominant effect of the temperatureFigure 7 corroborates this; the gel is swollen and is composed
is parametrized by, while the kinetic temperature is kept fixed. ~ of roughly spherical micelles. The segel transition is very
We briefly examine this assumption with the coarse-grained sharp, as app = 0.02, the system is deep in the sol phase,
PLD model, shown in Figure 2¥(Nagg is calculated at fixed ~ while ¢p = 0.04 is already in the gel phase. Also plotted in
o and ¢p and varying values of the kinetic temperature. Figure 6 isfg, the fraction of polymers bridging different
Generally, large aggregation numbers are entropically unfavor- micelles. This number is remarkably high, and for example, at

able, and smaller aggregation numbers should be expected fothe critical gelation concentratiops ~ 0.4, only half of theCDV
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Figure 9. Number density of micelles as a function of concentration
ata = 0. The dotted line shows what is expectefNi,{at ¢ = 0.04
was to remain constant for afk.

0.12
At
Figure 7. Snapshot of the simulation in the swollen gel phasg-at 0
0.04. A beads are colored light blue, B orange, and C dark blue. The
A and C beads are drawn with a radius of .88 beads are shown A 0.08f
smaller so that the view of the micelle core structure is not obscured. ©
Lines also connect the B monomers, showing the bonds between beads = 006}
in the polymer. Last, the micelles in the background fade out rapidly s
so that those in the foreground may be seen more clearly. All snapshots Vo0.04t
are created with PyMOE?
0.12 T T - - : " 0.02
0.1t 0
0 5 10 15 20 25 30 35
A 0.08f . o fe o
-~ Figure 10. Average distribution of micelle coordination humbers at
2 a = 0.0.
= 0.06f
3 . . .
i with as many other micelles as it has polymers to do so.[But
fg[from Figure 6 shows thatot all of the polymers are bridging.
0.02F This implies that there are a number of polymers bridging three
micelles together with one hydrophobic block in each.
0 : : — Thermal motion causes micelles to occasionally detach from
0 5 1015 ) 0% 3035 the percolating gel, and consequently, roughly 4% of the
Nagg micelles aipp = 0.04 actually hav&lc = 0. This is in agreement
Figure 8. Average micelle aggregation number distributionoat= with fgellIslightly less than one in Figure 6.
0.0 for various concentrations. Ratios of the gyration radii provide a quantitative look at the

. o . . ) shape of the micelles. For a perfect sphere, all ratios would equal
polymers are fully contained within a single micelle. For higher 1 g aAs seen in the snapshot (Figure 7), the micelles that form
concentrations, polymers fully contained in a single micelle j, oyr system are roughly spherical@t= 0. The ratio of the
become increasingly rare. The results in Figures 6 and 7 are|ongest radius to the shorteBl/gs0= 2.2 + 0.75, and the
indicative of a swollen gel consisting of highly interconnected middie to the shortesi,/gs0= 1.4 + 0.23. Given that these
micelles. These results are qualitatively similar to previous gata is calculated from a conservative estimateAd00

studies in tfib|00|f colpolymer§._ o independent micelles, this spread (one standard deviation) is
~ The average micelle aggregation number distribution is shown notthe result of small statistics; instead, there is a wide variation
in Figure 8 for various concentratiogs within the range 0.04 in micelle shapes. However, all are roughly spherical as long

0.12. As the concentration is increased, the distribution is shifted cylinders would be characterized by a larggs/gsC]
slightly to larger aggregation numbers, yet the number density  Micelle lifetimes are shown in Figure 11 in the range=
of micelles increases, as shown in Figure 9. Actual micelle 0.01-0.12. The free energy cost of having hydrophobic units
number densities are only slightly less than what would be in contact with the solvent is high, and therefore it should be
expected ifNagg remained constant. This shows the relatively expected that isolated micelles are very stable. If other micelles
minor effect that concentration has on micelle sizes. are near, however, a chain can bridge between micelles and
A rough idea of the superstructure of the micelles can be eventually transfer from its original micelle to its neighbor by
investigated from the average coordination number distribution thermal motion. All of these considerations are in agreement
wc(Nc), which is shown in Figure 10N has a broad distribution  with the results in Figure 11, where the micelle lifetime is largest
that shifts toward higher values with higher concentration. The at low concentrationgpr = 0.01 and decreases with concentra-
position of the peaks and even the shape of the distribution tion in parallel to the increase in number density of micelles
correspond closely with the aggregation number distribution in (see Figure 9). Rather interestingly, micelle lifetime shows a
Figure 8. This is consistent with a given micelle coordinating plateau agp > 0.08. This implies that there is some competEnBV
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Figure 12. Average aggregation number of micelles §gr= 0.04. In
these runsNpey = 600.
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factor decreasing the rate of polymer transfer. Quantitative
comparisons of micelle lifetimes and polymer transfer are
strongly dependent on the nature of the solvent and so will not
be considered in this paper. Figure 14. Snapshot of the simulation @ = 0.04 ando. = 0.4
The dynamical nature of the swollen gel is clearly visualized showing a cylindrical micelle.
in the movie provided in the Supporting Information. From start
to finish, this animation covers 1 million time steps of simulation in the Supporting Information, confirms the decrease of the
time with frames spaced 5000 time steps apart. Beads arenumber of micelles for increasing values of theparameter
depicted in the same manner as in Figure 7, except that thewith an almost linear dependence.
polymers belonging to one micelle in the first frame are colored g characteristic size of the micelles is very sensitive.to
red. Some other polymers are colored green. The evolution of ¢  is increased, micelles evolve from a roughly spherical
red polymers are observed as a function of time, and the shape to a more cylinder-like one. The ratigfg are used to
dynamics of the micelle lifetime, including polymer transfer q antify this transition; Figure 13 shows the results. The large
processes, are readily visualized. Creation of micelles are also, 4 iation in shapes seenat= 0 remains for highee., but the
visualized; the green polymgrs are initially well separated in {.anq for(@,/gsllincreases dramatically. But evenat= 0.35,
space, but as a function of time, they come together and form g/ 11 the ratio of the middle radius to the shortest remains
a new micelle. small, implying a roughly circular cross section. These two taken

The structure fac_tor Qf t_he gel, ‘.Nh'.Ch. is provided in the together show relatively long micelles with roughly circular
Supporting Information, indicates a liquidlike structure withno ..o« cactions suggestive of cylindrical micelles

evidence for any additional order, either crystalline or liquid a i .
crystalline. A snapshot of the system at= 0.4 is shown in Figure 14.

The Swollen to Dry Transition. We now investigate the Visu_al inspection _indeed shows cylindrical \_/vormlike micglles.
properties of the gel as the B blocks become less hydrophilic Their cores consist of A and C beads, with B beads in the
by increasingx from 0 to 0.40, following the discussion from ~ corona. These wormllke_ micelles bu_nch together so that many
Figure 4. Aso.is increased, micelles are brought closer together B beads are not even in contact with the solvent. Figure 14
as the B beads in the micelle coronas effectively attract one &/S0 Shows the presence of giant micellescat 0.4, that is,
another, resulting in overall larger aggregation numbers and Micelles that wrap around the simulation box. We will further
fewer micelles. As shown in Figure 12, the aggregation numbers discuss the significance of these micelles in the next section.
steadily increase with.. The effect is small at first, but around Results at slightly higher concentratiogs = 0.08-0.25
o ~ 0.2, aggregation numbers grow quite rapidly, eventually show similar trends, with a swollen gel phase of roughly
collapsing all polymers in the simulation box into one giant spherical micelles fo ~ 0—0.25 and giant cylindrical micelles
micelle asu nears 0.40. A plot of micelle number density, shown for a ~ 0.3—0.4. The analysis of the structure fac&q) showsCDV




Macromolecules, Vol. 39, No. 15, 2006 Gels of Nonionic Multiblock Copolymers 5149

0.45 T T . .
- — - Solvent
0.4 — —¢pA
—— ¢p,B
0.35 O ¢pc
g 0.3F
2 025F
=
o022t
g
o 0.156p , . /4
Yo o @] “’C\ /
0.1F ¢ Oy-\fo JO\_I-(C()'
0.05 NI RONIOR
. Lo
5 10

zfo

Figure 17. Concentrations of the solvent and A, B, and C beads along
the direction perpendicular to the lamellar planes.
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Figure 15. Snapshot of the system¢@g = 0.32 ando = 0.35. Visible ":‘OOO!' eee hd
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Figure 18. Summary of the results obtained in the previous section.
The symbols are points of the phase diagram where actual simulations
were run. The boundaries are drawn for a better visualization according
to the discussion in the text and are not rigorous.

the hydrophilic B blocks and the minimum of the hydrophobic

A and C blocks. This lamellar structure is also corroborated

" o k_ X from the analysis of the structure factor shown in the Supporting
S e - - Information. From the peaks, one extracts a lattice spacing of

Figure 16. Snapshot of the system fgp = 0.50 andx = 0.35, forming ~100, which is in perfect agreement with the thickness of each

a lamellar phase. A screw dislocation is clearly visible. of the two planes obtained by inspection of the snapshots and

o ) from the analysis of the local distributions in Figure 17.
a liquidlike structure for the swollen gel and no particular order |, aimost all runs, the regular lamellar phase shows a screw

within the giant cylindrical micelles. dislocation, which is clearly visible in Figure 16. Only in one
The Concentrated RegimeThe concentrated regime reveals run corresponding tac = 0, the lamellar phase did not show
a remarkable degree of order. At polymer concentratigs any topological defects. This may suggest that the elastic

0.30 anda. ~ 0.35, a perforated lamellar structure is observed constants of the lamellar phase increase with the quality of the
in visual inspections of the configurations, as shown in Figure solvent.
15. The structure factd(q) (shown in the Supporting Informa-
tion), confirms the lamellar structure. As the concentration is Discussion
increased, the perforations eventually disappear, leading to a phase Diagram.The results in the previous section are
regular lamellar structure. Both regular and perforated lamellar symmarized in Figure 18 and show a sol phase at low
phases are stable against variations of the kinetic temperature.gncentrations and good solvent for B blocks, followed by a
ksT/e < 1.3. If the quality of the solvent is increased, the swollen gel and a lamellar phase for increasing concentration.
perforated lamellar phase gradually disappears. In good solventas the solvent for B blocks becomes poorer, a giant micelle
(o= 0), the perforated lamellar is absent and only the lamellar that wraps around the simulation box is observed, which is
phase is found. followed by a perforated lamellar and a lamellar phase as the
The structure of the lamellar phase consists of planes of A concentration is increased. The points in Figure 18 represent
and C beads segregated from the B beads and solvent, whichthe different simulations presented in parameter space. The
can be seen from the snapshots in Figure 16. A quantitative perforated lamellar is not found for good solvent: 0, as it
analysis is shown in Figure 17, where the local distributions follows from the results at concentratigp = 0.3 and other
¢px of the different beads and solvent are shown. The maximum simulations, which although not fully thermalized (and therefore
of the solvent concentration coincides with the maximum of not shown in the graph), clearly indicated that the sysE?B\/
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lower temperatures (2UC), spherical micelles are suggestéd.
: i In more concentrated regimes (20% in weight), a transparent,
Supercoiled gel © yet rigid gel phase is observed up to low temperaturegC)
‘ using tube inversion and rheological measuremé&hirther
increasing of the temperature above°g; a physical hydrogel,
which we identify with the supercoiled gel, is formed. The
formation of the hydrogel is very slow at these temperatures
and proceeds more quickly at a higher temperature°@p
Swollengel i The melt state has also been investigated. Structural studies with
y SANS report evidence for a lamellar ph&8ealthough more
i experimental evidence will be needed. Equilibration times for
concentration both the melt state and the hydrogel are very long (of the order
Figure 19. Phase diagram of the PLD system extrapolated from the of 1 day). All of our numerical simulations are in good
results in Figure 18. We recall that the temperature and concentrationsaggreement with these experimental results.
displayed in the plot are not a linear function of the temperatures and The structure of the hydrogel, which as stated, we associate
concentrations in the real system. . . : N . '
with the supercoiled gel in our simulations, reveals a hexagonal
remained in a swollen gel. We also expect that the critical lattice of close-packed cylinders with a water content of around
concentration between the sajel transition should decrease 30% in weight° At this water content, our simulations would
with temperature as higher aggregation numbers are more easilypredict a lamellar phase, but this lamellar phase corresponds to
formed. For the same reason, we also expect the giant micellesa different preparative ensemble. We speculate that the hex-
to become possible at lower temperatures for increasing agonal structure is the result of two steps, the formation of
concentration. This discussion is summarized in Figure 18.  cylindrical micelles and the posterior self-assembly of these
The sol, swollen gel, perforated lamellar, and lamellar micelles into a hexagonal structure. Further work will be needed
correspond to phases that should be observed in experimentso clarify this point.
(a point we discuss further below). The region described as giant  Inverted Pluronics are triblock PPPEO-PPO polymers.
micelles, however, corresponds to large micelles wrapping On a qualitative level, they present some similarities with PLD
around the simulation box and are therefore a result of the finite systems in that they contain hydrophobic end blocks between
simulation box and the periodic boundary conditions used in overall hydrophilic blocks (PEO) and therefore show the same
our simulations. At low concentrations, we interpret the results temperature sensitivity discussed for PLD systems. Phase
as implying roughly long wormlike cylindrical micelles. As  diagrams for these systems have been reported and are
polymer concentration is increased or solvent quality decreased,qualitatively very similar to Figure 19. The observed phases
we expect these micelles to aggregate, forming increasingly are a random network (sol phase), a micellar network (swollen
larger and more complex structures. On further increase of eithergel), and a uniform micellar phase, which we attribute to the
solvent quality or concentration, we expect these aggregates tosupercoiled gel. At higher concentrations, a lamellar pRase
segregate (precipitate), forming what is known as a supercoiledalso found. Furthermore, these phases follow the same sequence
gel8 The supercoiled gel consists of a high polymer concentra- as a function of both concentration and temperature as the one
tion with a low water content. For this composition, Figure 18 in Figure 19. Many details regarding the boundaries and the
predicts a lamellar phase. It should be noted, however, that othercritical concentrations separating these phases are quantitatively
processes may take place. For example, the supercoiled gel mayjifferent, but we regard these results as providing additional
result from condensation of cylindrical micelles or from evidence on the validity of our theoretical results.
aggregation of more disordered structures, with subsequent )
reorganizations after they precipitate. That is to say, the structureConclusions
of supercoiled gels is not only dependent onfihal ensemble In this paper, we separated thermal effects into a “kinetic
but also on thepreparative ensemblé? temperature” and solvation effects (hydrophobic, and to a lesser
The expected phase diagram relevant for experiments isextent, hydrogen-bonding), which has allowed parametrizing of
shown in Figure 19. The sol phase is a micellar liquid with the temperature by a single parameter (thparameter) in an
some micelles clustering together. This is followed by a swollen implicit solvent coarse-grained model. We determined the phase
phase. Solvent quality is parametrized by which is a diagram of the PLD system both as a function of temperature
monotonic function of temperature. So, for increasing temper- and concentration and found a swollen and dry gel as well as
ature, we expect the micelles to grow in size, leading to a liquid lamellar and perforated lamellar phases. The results are in good
of cylindrical wormlike micelles and a supercoiled gel, depend- agreement with experimental results on PLD systems and on
ing on concentration. The determination of the structure of the inverted Pluronics. We provided a cross-check for the validity
supercoiled gel is beyond the scope for this paper. Finally, the of our assumptions (Figure 5) and showed that the parameter
lamellar phases are found at larger concentrations. The sol ands a monotonic function of the temperature, which is well
swollen phase show large density fluctuations that decrease withcorrelated with the Ostwald coefficient for alkanes (Figure 1),
concentration. Density fluctuations are small for the other phaseswhich is a measure of the hydrophobic effect. We also provided
except possibly at phase boundaries, which lie beyond the scopea detailed characterization of the different phases involved. The
of this paper. model presented is general and is suitable to determine phase
Comparison with Experiments. Simulations results can be  diagrams as a function of concentration and temperature for
directly compared to PLD systems at high pH (pH8), where other systems such as Pluronic, telechelic, or peptide-based and
the DEAEM block (A beads) are hydrophobic. There is abundant other nonionic polymers that are soluble yet contain hydrophobic
experimental dat&/,1%2%which we compare to the theoretical groups that decrease the solubility of the polymer for increasing

CYlinders

Temperature

Perforated Lamellar
Lamellar

results in this section. temperature.
In the dilute limit (2% in weight), SANS experiments at high Explicit solvent models provide a realistic description of the
temperatures (70C) show cylindrical micelleg? while for dynamics and a more accurate description of the st&tits}3

Ccbv
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but the CPU cost involved for simulating the large systeNg(

Gels of Nonionic Multiblock Copolymers 5151

(13) Jain, S.; Bates, F. Science2003 460.

= 600) investigated here would be very demanding. From the (14) Che, B.K; Jain, A Gruner S. M.; Wiesner Science2004 305

extensive experience gained in simpler modef§;**we expect

(15) Ziherl, P.; Kamien, R. DJ. Phys. Chem R001, 105 10147.

that the main conclusions of this paper will not be modified by (16) Grason G. M.; DiDonna B. A.: Kamien R. Phys. Re. Lett 2003

the use of an explicit solvent. The system studied in this paper

91, 58304.

has some connections with the HP copolymers studied recently(17) Anderson, B. C.; Cox, S. M.; Bloom P. D.; Sheares V. V.; Malla-

by scaling method® We point out, however, that Pluronic and

related polymers are short (of the order of 10 Kuhn lengths or

pragada S. K.Macromolecule003 36, 1670.
(18) Asayama, S.; Maruyama A.; Cho, C. S.; Akaike, Bioconjugate
Chem.1997, 8, 833.

less) and scaling theories may not provide an accurate descrip{19) Determan, M. D.; Cox, J. P.; Thyagarajan, P.; Mallapragada S. K.

tion for these systems.

There are many situations that we expect to discuss further (20)
in the future. The polymers investigated in this paper are slightly 1)

branched (the A blocks. Recent results in melts show the
existence of exotic phases for branched polym&is.is our

Polymer2005 46, 6933.

Langmuir2006 22, 1469.

Chushak Y.; Travesset A. Chem. Phys2005 123 234905.

(22) Khalatur, P. G.; Khokhlov A. R.; Mologin D. Al. Chem. Physl998
109 9602.

expectation that polymers with different branching degrees will (23) Esefrov, D.; Smith, G. D.; Douglas J. Europhys. Lett2002 59,
include the phase; found in melts, but by tuning temperature, (24) Guo, L.; Luijten, EJ. Polym. Sci. E200543, 959.
pH, or concentration, additional phases will be found. The (25) wanka, G.; Hoffmann, H.; Ulbricht, WMacromoleculesL994 27,

precise control and understanding of these phases provide

4145.

exciting components for novel thermosensitive self-assembled (26) Widom, B.; Bhimalapuran, P.; Koga, iRhys. Chem. Chem. Phys.

materials. We hope that the simulations presented in this paper,

will stimulate further experimental work in this very exciting
and relatively unexplored area.

Supporting Information Available: In addition to figures and

movies mentioned in the body of this paper, there are DIVX AVI
clips of the snapshots. These rotate and/or rock the image to provide
a better look at the structures. This material is available free of

charge via the Internet at http:/pubs.acs.org.
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