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Abstract

The microscopic modeling of surfactant systems is of the utmost importance in the

understanding of the mechanisms related to the micellization process because it allows

for the prediction and comparison with experimental data of diverse equilibrium system

properties. In this work we present a coarse-grained model for Pluronics, a trademarked

type of triblock copolymers, from simulations based on a Single Chain Mean Field the-

ory (SCMF). This microscopic model is used to quantify the micellization process of
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these nonionic surfactants at 37 ◦C, and has shown to be able to quantitatively repro-

duce experimental data of the Critical Micelle Concentration (CMC) along with other

equilibrium properties. In particular, these results correctly capture the experimental

behavior with respect to the lengths of the hydrophobic and hydrophilic moieties of

the surfactants for low and medium hydrophobicities. However, for the more highly

hydrophobic systems with low CMCs, a deviation is found which has been previously

attributed to non-equilibrium effects in the experimental data [Garćıa Daza, F. A.;

Mackie, A. D. J. Phys. Chem. Lett. 2014, 5, 2027-2032].

Introduction

Poly(ethylene oxide)-Poly(propylene oxide)-Poly(ethylene oxide) molecules, a type of lin-

ear triblock nonionic copolymer surfactants commercially available as Pluronics, Synper-

onics, and Poloxamers, have gained popularity for a wide variety of applications including

biomedical uses. Pluronics contain a central hydrophobic poly(propylene oxide) (PPO) chain

connected to two hydrophilic poly(ethylene oxide) (PEO) chains. At sufficiently high con-

centrations of surfactant, the molecules spontaneously self-assemble into micelles1 and later

into worm-like aggregates.2 The broad use of Pluronics stems from their unique properties

in solution as well as their customizable length and size. As a result, it is very valuable to

be able to accurately predict the structure, dynamics, and properties of Pluronics under a

variety of conditions such as in vivo, and this study works towards that goal.

These nonionic surfactants have been used in a wide variety of important industrial sec-

tors including pharmaceuticals, cosmetics, oil recovery and as drug and gene nanocarriers

for targeted drug delivery.3 Some of the surfactants have been coated on the surface of

nanoparticles to improve desirable qualities of the particles such as solubility, stability, and

targeting.4 Recently, medical research has shown some of the copolymers to elicit biological

responses in vitro and in vivo.5 Certain classifications of Pluronics have enhanced gene tran-
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scription,6 improved drug potency of chemotherapeutics such as doxorubicin against cancer

cells,7 and modified other biological responses. The copolymers can be blended into poly-

meric matrices to form hydrogels and other drug carriers with highly specific release rates.

The self-assembly of micelles is caused by the forces of chemical equilibrium,1 where the

interactions between the hydrophilic and hydrophobic groups with the solvent and each

other must all balance with any effects of entropy changes due to organization, therefore,

the self-assembly of surfactants into micelles is controlled by changes in free energy. Such

assembly into aggregates comes about over a small range of surfactant concentrations. This

narrow range can be quantified as a useful parameter known as the Critical Micelle Con-

centration (CMC),8,9 which represents the point of spontaneous micelle aggregation from

free surfactants. This transformation in conformation and aggregation exhibits changes in

the physical and chemical properties of a solution such as surface tension, osmotic pressure,

solubilization, detergent activity, turbidity, and conductivity.10 The transition at the CMC

is very important for applications of the product micelles as well as for models of the micel-

lization process.

The CMC of many surfactants has been determined experimentally through a number of

techniques including surface tension, light scattering, spectrophotometry, nuclear magnetic

resonance, fluorimetry, and capillary electrophoresis.11 The micellization and subsequent

experimental CMC values for Pluronic surfactants has been studied extensively, however,

experimental concentrations for PEO-PPO-PEO block copolymer micelles have faced issues

in reproducibility and speed.12 Such inconsistencies and costs have pushed researchers to

seek alternative methods of studying micellization.

Computer simulations have been used to predict thermodynamic properties of only a se-

lect group of simple surfactants. Thermodynamic parameters of the micellization process for
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surfactants include the CMC, phase behavior, and associated free-energy change. Previous

works have included the analysis of free energy contributions,13 molecular dynamics (MD),14

Monte Carlo simulations (MC)9 and mean-field models.15

MD and MC simulation methods have proven to be effective for the simulation of atom based

models of surfactants in the micellization process when the micelles are pre-assembled, how-

ever, these methods are computationally expensive for the determination of the CMC and

other equilibrium properties when the systems are required to self-assemble16 due to the

slow kinetics of micelle formation. This is particularly the case for Pluronic micelles because

of the large size of the surfactants.17,18 As a result, MD and MC methods have been found

to take prohibitive amounts of time to reach equilibrium even for short nonionic diblock sur-

factants.14 These computational problems associated with MD and MC simulation efforts

suggest that alternative techniques need to be explored in order to be able to adequately

study the formation of micelles in surfactant solutions. One such technique is the Single

Chain Mean Field theory19 (SCMF) used in this work where a similar coarse-grained model

as in conventional molecular simulations is used, however, the estimation of the equilibrium

properties is simplified by solving for single chains in a mean-field of the other species in the

system. In this sense the SCMF is similar to the standard Self-Consistent Field

theory2,18,20 (SCF) where surfactants are modeled as Gaussian chains interacting

with surrounding concentration fields. Nonetheless, the possibility of overlap-

ping chains in the SCF comes from its Markovian nature implying the absence

of excluded-volume repulsions and as a consequence an incomplete estimation of

the free energy of the system. In contrast, the SCMF considers non-Markovian

connections between segments of the same chain and thus only non-overlapping

configurations are used to estimate the free energy contributions. The SCMF has

already been successfully employed in the study of diblock surfactants9,15 as well as gemini

surfactants21and has been recommended specifically for the study of Pluronic micelles.22 To

our knowledge, a comprehensive list of theoretical CMCs for Pluronic micelles has not been
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published and the extension of the SCMF to Pluronics in this study attempts to reach this

goal.

In the current study, we have conducted a series of simulations within the SCMF to con-

struct a coarse-grained model for the PEO-PPO-PEO surfactants in water for a temperature

of 37 ◦C focused mainly on the reproduction of experimental CMCs. First, the details of the

microscopic model and the simulation protocols are given. Afterwards, the related model

parameters are optimized and a series of SCMF simulations are implemented for a set of

Pluronics to obtain predictions of the CMCs together with the corresponding aggregation

numbers and micellar profiles. In the Results and Discussion section the SCMF predictions

are compared with the available experimental data including CMCs, aggregation numbers,

and the volume fraction profiles. The results are discussed in the context of observed exper-

imental discrepancies manifested by several authors and the deviation found in this work of

the CMC between experimental and predicted data for the most hydrophobic surfactants.

Model and Simulation Method

Single Chain Mean Field Theory

In the SCMF scheme the intermolecular energetic contributions of surfactants belonging to an

aggregate of size N are taken into account through the interactions of a single coarse-grained

chain, representing the surfactant, with a set of concentration fields of solvent and surfactants

while the intramolecular interactions are obtained in an exact manner. The expression

for the energy in this system is given in terms of averaged energetic values of

configurations of the surfactant, {γ}, weighted by its individual probabilities,

P [γ], and is given by

〈E〉 = N

∫
dγ P [γ]

(
Uintra[γ] + Uinter[γ]

)
, (1)
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where Uintra[γ] is the exact internal energy of conformation γ, and, Uinter[γ] refers to the

intermolecular energy related to the interactions of the configuration with the other

surfactants and solvent medium and is given as

Uinter[γ] =
N − 1

2

∫
d~r dβ P [β]Uinter[γ, β, ~r] +

∫
d~r cs(~r)Uinter[γ, ~r]. (2)

The first term on the right side represents the intermolecular surfactant interactions of the

conformation γ with the remainingN−1 surfactants in the system by means of the interaction

with configuration β together with its associated probability P [β] and the corresponding

energetic contribution Uinter[γ, β, ~r] =
∑

i,j εi,jΦi(γ, ~r)cj(β,~r). The terms in this summation

are the interaction parameters, εi,j, together with the interaction volume d~r Φi(γ, ~r)

available for configuration γ to interact at ~r with the remaining conformations {β}

through their corresponding concentration, cj(β,~r), for the appropriate species i, j

that make up the surfactant in the coarse grained model. The second term represents

the interaction of configuration γ with the solvent medium through its concentration field

cs(~r) at ~r by means of Uinter[γ, ~r] =
∑

i εi,sΦi(γ, ~r) with respect to the coarse-grained solvent

and surfactant-solvent interaction parameters εi,s. The terms given in eq 2 account only for

attractive intermolecular interactions, for which the repulsive terms are included by means

of steric hard-core repulsions given by the following volume-filling constraint,

φs(~r) +N
∑
i

〈φexci (~r)〉 = 1, (3)

which means that all regions of physical space are occupied either by solvent or surfactant

molecules by means of the corresponding volume fractions φs(~r) and 〈φexci (~r)〉 respectively,

this last term representing the correct excluded-volume contributions. The term inside the

angular brackets in eq 3 comes from the single-chain values of φexci (γ, ~r), interpreted as

the total physical volume fraction of species i of conformation γ at ~r that cannot

be accessed by solvent or other surfactant molecules, weighted by the individual

6



probabilities giving as result the average excluded-volume fraction of the surfactant

〈φexci (~r)〉 =

∫
dγ P [γ]φexci (γ, ~r), (4)

and similarly, the concentration fields of the surfactant monomers can be predicted in general

from

〈ci(~r)〉 =

∫
dγ P [γ]ci(γ, ~r). (5)

From here, the determination of the associated probabilities P [γ] is given by a minimization

of the system free energy 〈F 〉 = 〈E〉 − T 〈S〉, where the entropy contains the configurational

surfactant contributions and the solvent translational entropy

〈S〉 = −Nk
∫
dγ P [γ] logP [γ]− k

∫
d~r cs(~r) log φs(~r), (6)

with k and T as Boltzmann’s constant and temperature of the system respectively. Minimiz-

ing now 〈F 〉 from δ〈F 〉/δP [γ] = 0 subject to the volume-filling constraint in eq 3 with the

inclusion of the Lagrange multipliers λ(~r), which in turn can be found from the evaluation

of δ〈F 〉/δcs(~r) = 0, provides the individual probabilities in equilibrium

P [γ] =
e−HN [γ]/kT

Q
. (7)

where Q is the partition function of the system ensuring the normalization of the associated

probabilities. Finally, from eq 7 we can establish the SCMF Hamiltonian HN [γ] associated

with conformation γ that contains the intramolecular and intermolecular interactions for

the corresponding surfactant with the surrounding fields. In addition, intermolecular steric

repulsions are also derived from the Lagrange multipliers definition with constraints in eq 3.
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The analytical expression of the Hamiltonian is found to be

HN [γ] ≈ Uintra[γ] + (N − 1)

∫
d~r
∑
i,j

εi,jΦi(γ, ~r)〈cj(~r)〉+

∫
d~r
∑
i

εi,sΦi(γ, ~r) cs(~r)

−kT
∫
d~r

log φs(~r)

vs

∑
i

φexci (γ, ~r), (8)

with vs as the volume of the solvent molecules. From the set of non-linear equations given in

equations 3-5, 7 and 8 it is possible to determine the individual probabilities P [γ] in eq 7 and

hence the equilibrium properties for aggregates of size N and densities and concentrations

through equation 5. In the SCMF approach the necessary inputs are the set of conformations

{γ} of a single surfactant in the simulation box with the estimation of the concentrations

ci(γ, ~r), excluded-volume fractions φexci (γ, ~r) and interaction volume fractions Φi(γ, ~r) for

each conformation.

In order to relate the SCMF to the full micellization process, it is necessary to link the

properties of the single micelles to the macroscopic system. This is achieved by calculating

the standard chemical potentials of free chains, µ0
1, and those from micelles of size N , µ0

N ,

and substituting them in the well-known equilibrium condition between free surfactants in

solution and micelles of an arbitrary size, namely1

XN

N
=
(
X1e

−(µ0N−µ
0
1)/kT

)N
, (9)

where XN and X1 are the concentration of aggregated and free surfactants respectively. The

calculation of the standard chemical potential in the SCMF can be achieved in terms of

the following expression23 which has been used in earlier studies related with the prediction

of equilibrium properties for surfactants systems in solvent medium such as poly(ethylene
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oxide) alkyl ethers15 and more recently a series of nonionic Gemini surfactants,21

µ0
N − µ0

1

kT
≈ − log

(
V

N

∑
γ e
−HN [γ]/kT/W [γ]∑

γ e
−H1[γ]/kT/W [γ]

)
, (10)

where H1[γ] is the Hamiltonian for surfactants in the bulk solution, V is the volume of

the simulation box and W [γ] is the statistical weight associated with the Rosenbluth and

Rosenbluth algorithm to generate non-overlapping chain conformations.24

Simulation Protocols

In this work the Pluronic block copolymers are modeled as linear chains composed of two

kinds of beads with the same diameter σ; the first one representing the hydrophilic CH2CH2O

groups and the second the hydrophobic CH(CH3)CH2O groups, the choice of the same

size of the EO and PO units is similar to that employed by other research groups

for coarse-grained models of Pluronic surfactants.25,26 The distance between the cen-

ters of two consecutive beads is taken to be σ. The chain stiffness, as indicated by the number

of Kuhn segments, has been included by using rigid sections of four consecutive monomers

in the case of PO and five monomers in the case of EO species27,28 whilst the joints

between the segments are free to rotate, see for instance Figure 1. The intermolec-

ular interactions in eq 8 are modeled by means of square well potentials with

a hard core repulsive interaction up to σ and then an attractive well up to rint.

The interaction radius rint has been adjusted to a value of 1.62σ for all species

composing the surfactant in order to have a coordination number of 26 as was

used in previous models.15,21 This gives a volume for attractive interactions of

vint = 4/3π(r3int − σ3) for each monomer. Three independent intermolecular interactions

have been used, namely, EO-Solvent, PO-Solvent and EO-PO with their corresponding nu-

merical values εEO,S, εPO,S and εEO,PO. With these assumptions for the interactions and

species, we can state the specific complete non-linear set of equations in order to describe
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Figure 1: Coarse-grained model for Pluronic L44 EO10PO23EO10. Right: Typical self-
avoiding conformation generated by the Rosenbluth and Rosenbluth method. Left: Detailed
coarse-grained extrapolation in the SCMF technique employed in this work, red and blue
beads represents EO and PO groups respectively

the equilibrium properties. In the first place, the indexes in the whole equations system are

reduced to i, j = EO,PO, besides, in the Hamiltonian in eq 8 we have to relate the in-

teraction parameter εi,j with the analogous Flory-Huggins parameter in the symmetric case

χij = χji by means of εi,j = kTχij/z, where z = 26 is the coordination number, this choice

will affect the excluded-volume term in the SCMF Hamiltonian, for more details see Ref. 15.

The Hamiltonian can be written now as

HN [γ] ≈ Uintra[γ] + (N − 1)
kT

z

∫
d~r
∑
i 6=j

χijΦi(γ, ~r)〈cj(~r)〉+
kT

z

∫
d~r
∑
i

χis Φi(γ, ~r) cs(~r)

−kT
∫
d~r

log φs(~r)

vs

∑
i

φexci (γ, ~r). (11)

Once the relevant intermolecular interactions and the species describing the surfactant and

solvent in the coarse-grained are defined, the SCMF equations can be solved. To do so,

we divide the procedure into two stages. In the first stage, a set of non-overlapping

conformations {γ} are randomly generated according to the Rosenbluth and

Rosenbluth algorithm24 in a simulation box of volume V , and, all the intrinsic proper-
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ties such as concentrations ci(γ, ~r), excluded-volume fractions φexci (γ, ~r), interaction volume

fractions Φi(γ, ~r) and intramolecular energy Uintra[γ] are calculated for every conformation

γ. In the second, the SCMF system of equations are solved self-consistently, that is, from

the calculated fields 〈ci(~r)〉 and 〈φexci (~r)〉 in equations 4 and 5 a calculation of φs(~r), HN [γ]

and the corresponding probability P [γ] can be realized by means of equations 3, 7 and 11 re-

spectively, enabling again the calculation of the mean fields over the calculated probabilities

making the whole process self-consistent. Once the structural characteristics are assigned,

only the intermolecular interaction parameters χEO,S, χPO,S and χEO,PO, need to be deter-

mined. For this purpose, we have performed an error minimization of the difference between

predicted and experimental CMCs by means of the gradient method. To capture the overall

CMC dependence with respect to the numbers of EO and PO monomers we have chosen to

optimize the experimental CMCs for three Pluronics surfactants; two in which the number

of EO units are lower than the corresponding PO units L44 and L64, and F87, a surfactant

which has significantly more EO than PO units.

Optimization Procedure

To find the optimal values of the Flory-Huggins parameters we take as initial estimates,

χEO,S = 0.4 and χPO,S = 2.0 from Ref. 29, and χEO,PO = 0.006 from references

30 and 31. These parameters are obtained directly or indirectly by fitting to

experimental data. To continue, we start by considering the minimization of the function

F [χ] =
1

n

n∑
i=1

(CMCsim
i − CMCexp

i )
2

s2i
, (12)

where n = 3 is the total number of data which in our case are the experimental CMCs for

Pluronics L44, L64 and F87 represented by CMCexp
i with its associated uncertainty s2i and

the SCMF predictions CMCsim
i . The minimization procedure can be done via the gradient
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method32 by determining in an iterative scheme the optimal values from

χnewj = χoldj − α∇jF [χold], (13)

where α is the step size and the index j refers to the energy parameter to be adjusted. In

particular from eq 12 we can state

∇jF [χ] =
2

3

3∑
i=1

(CMCsim
i − CMCexp

i )

s2i

∂CMCsim
i

∂χj
. (14)

To find the derivatives in the last equation we can start from the definition of CMCsim

adopted in this work, namely, that the CMC is taken based on the micelle of size M with min-

imum standard chemical potential, logCMCsim
i = min

(
µ0N−µ

0
1

kT

)
=
(
µ0M−µ

0
1

kT

)
. The relevant

derivatives for this specific case are then ∂CMCsim
i /∂χj = CMCsim

i (∂/∂χj) [(µ0
M − µ0

1)/kT ].

To develop the partial derivative we made use of the relation between the standard chemical

potentials in the SCMF theory given in eq 10

∂CMCsim
i

∂χj
≈ −CMCsim

i

kT

[∑
γ e
−H1[γ]/kT/W [γ]

Q1

∂H1[γ]

∂χj
−
∑

γ e
−HM [γ]/kT/W [γ]

QM

∂HM [γ]

∂χj

]
,

(15)

where Q1 =
∑

γ e
−H1[γ]/kT/W [γ] and QM =

∑
γ e
−HM [γ]/kT/W [γ] are the unbiased partition

functions for free and aggregated chains respectively. From the SCMF Hamiltonian in eq

11, and assuming that, the concentration fields and the probabilities remain invariant with

respect to the interaction parameters close to the minimum of F [χ], we can find in general

the following set of partial derivatives

∂HN [γ]

∂χEO,PO
≈ ∂Uintra[γ]

∂χEO,PO
+ (N − 1)

kT

z

∫
d~r [ΦEO(γ, ~r)〈cPO(~r)〉+ ΦPO(γ, ~r)〈cEO(~r)〉] ,

∂HN [γ]

∂χEO,S
≈ kT

z

∫
d~r ΦEO(γ, ~r) cs(~r),

∂HN [γ]

∂χPO,S
≈ kT

z

∫
d~r ΦPO(γ, ~r) cs(~r). (16)
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This set of equations can be exactly determined in the SCMF simulations for every surfac-

tant chosen to adjust the energy parameters. With this, the fitting procedure for the energy

parameters can be done by means of eq 13. To this end, the partial derivatives in eq 14 must

be solved through the values given in eq 15 which in turn can be evaluated from the SCMF

results obtained in order to calculate the expressions in equations 16.

The coarse-grained dimensions as well as the optimized energy interaction val-

ues are presented in Table 1 upon completion of the fitting process. As can

be seen, the final values are close to the parameters derived from experiment

thus validating the physical model that we have used in our study. Although

the differences from the initial guesses are small, they do have a significant ef-

fect on the CMC values, and the optimization procedure gives an important

improvement in the final fit. The success of the optimization can be observed

by a decrease of the objective function in eq 12 from 47.2 to 2.7 when going

from the initial guesses, χPO,S = 2.001, χEO,S = 0.48, χEO,PO = 0.006 (these values

were used after a preliminary study rather than the aforementioned literature

Flory-Huggins parameters), to the fitted values of {χi,j} respectively, indicating

that the difference between the experimental and SCMF results is close to the

reported experimental error. For the optimization procedure and final results a series

Table 1: Coarse-grained structural and energetic specifications

Diameter (σ) 1.0
Bond length (σ) 1.0
Interaction radius (σ) 1.62
EO-PO interaction parameter (χEO,PO) 0.006
EO-S interaction parameter (χEO,S) 0.5
PO-S interaction parameter (χPO,S) 2.1

of simulations were performed where space was discretized into concentric layers separated

by a distance δ = 0.8σ for shorter surfactants with less than 100 monomers, while for longer

surfactants we assume δ = 1.4σ. In all simulations the radius of the first layer is taken
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to be 2δ to improve statistics. This choice provides a one-dimensional spherical symmetry

where the only coordinate is the radial distance to the center of the simulation box and is

supported by experimental evidence using Small Angle Neutron Scattering (SANS),33 Static

Light Scattering (SLS) as well Dynamic Light Scattering (DLS)34 which suggest a spherical

shape for micellar aggregates of Pluronic systems for concentrations close to and above the

CMC. Depending on the Pluronic under study, we used simulation boxes with dimensions

between 40×40×40 and 100×100×100 in units of the beads diameters σ. Between 5 to 10

million of conformations {γ} were generated for each Pluronic, the simulations were run on

12-core Intel machines, 24-core and 32-core AMD machines with a RAM memory of 60Gb,

30Gb and 120Gb respectively.

Results and Discussion

In Table 2 the physical properties of the Pluronics EOnPOmEOn at a temperature of 37◦C

are given including: the molecular weight MW, the number of PO and EO units (m and 2n

respectively), the predicted CMCs and aggregation number values of the SCMF from this

work together with available experimental data. The CMCs reported in this work follow the

expected behavior with respect to the length of the hydrophobic PO units. An increase of

the PO length increases the repulsive interaction between the surfactant and solvent medium

causing a decrease in free energy of micellization thus yielding a lower CMC, together with

an increase in the aggregation number. The increase in aggregation number occurs as ad-

ditional PO monomers increases the available volume to be occupied by the hydrophobic

species that can be accommodated in the core of the micelle. Both of these results are ex-

emplified for the cases of Pluronics F68, F88, and F127 where the hydrophilic contribution

is almost constant, see Table 2. In the reverse case, an increase of the EO units while the

number of PO units remains constant was shown to raise the solubility of the Pluronics in

the solvent medium leading to a gradual increase in the CMC. The increase in the number

of EO units leads to higher repulsive interactions between hydrophilic units in the corona
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Table 2: Physical properties and predictions for Pluronics block copolymers under study

Aggregation Number CMC [mol/L]
Polymer MW m 2n Pred. Exp. Pred. Exp.a

L44 2200 23 20 145(1) - 4.00(0.01) ×10−3 3.6×10−3

L64 2900 30 26 187(7) 37b 3.55(0.04)×10−4 4.8×10−4

P65 3400 29 36 145(12) 11-21c 0.84(0.01) ×10−3 2.94×10−3,j

F68 8400 29 152 33(1) 22d 18.9(0.5)×10−3 0.48×10−3, >8.33×10−3,k

P84 4200 43 34 279(10) 44-54e 3.87(0.05)×10−6 71×10−6

P85 4600 40 52 218(4) 57(16)f 2.55(0.03)×10−5 6.5×10−5

F87 7700 40 122 66(10) - 1.77(0.04)×10−4 0.91×10−4

F88 11400 39 208 46(11) 17g 6(1) ×10−4 2.5×10−4

F98 13000 45 236 40(9) - 1.51(0.05)×10−4 0.77×10−4

P105 6500 56 74 318(17) - 1.54(0.05)×10−7 62×10−7,l

F127 12600 65 200 120(16) 145h 1.3(0.3)×10−7 28.0×10−7

F108 14600 50 266 34(10) 13(3)i 2.0(0.3)×10−5 2.2×10−5
a Taken from Ref. 35 measured through pyrene solubilization technique at 37 ◦C, unless

otherwise specified; b From Ref. 36 at 37.5 ◦C using SANS; c In the range of 36-40 ◦C from
Ref. 37 obtained from SLS; d At 54 ◦C from reference 21 cited in Ref. 38; e Based on

SANS in a range 35-40 ◦C from Ref. 39; f From Light scattering and centrifugation at 37
◦C from Ref. 38; g At 40 ◦C from Ref. 40; h From Ref. 28 at 35 ◦ based on SANS; i At 37
◦C from Ref. 38; j Using dye solubilization technique at 36 ◦C from Ref. 41; k Taken from

Ref. 41 at 40 ◦C; l Taken from Ref. 42 at 37 ◦C;
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of the micelle forcing the formation of micelles with smaller aggregation numbers. These

expected trends were evidenced within all three of the subdivisions of Table 2.

From an analysis of the aggregation numbers presented in Table 2 clear dif-

ferences can be observed between the experimental and SCMF values. In some

cases the experimental data reported by different groups are similar, for instance for P85

where Mortensen and Pedersen 33 using SANS reported aggregation numbers 37-78 in a range

20-40 ◦C similar to the value 57(16) given by Kabanov et al. 38 at 37◦C and the values 37-55 based

on SANS with a concentration of 1-5% at 40 ◦C reported by Goldmints et al..43 However, in other

cases the aggregation numbers derived from experimental measurements can be highly variable,

for example, Yang et al. 36 reported a value of 37 for a temperature of 37.5 ◦C in the case of L64,

however, Wu et al. 44 using SANS reported an aggregation number of 69(7) at 35 ◦C, in contrast to

Almgren et al. 45 who reported a value of 19 for 40 ◦C. These values are contrary to the expected

increase in aggregation number with an increase of temperature. A similar situation is presented in

the case of copolymer F127 where Wanka et al. 37 and Mortensen 28 presented aggregation numbers

of 82 and 145 respectively for a temperature of 35 ◦C. In the case of F108 where Alexandridis

et al. 8 reported aggregation numbers of 43-61 between 35 and 40 ◦C in contrast to the value of

13 for a temperature 37◦C reported by Kabanov et al. 38 giving a difference of over three times.

These contrasts between reported values may be due to the type of experiment and the model

considered to describe the physical properties of the micelles, such as in the case of results given

by DLS and SLS and discussed by Nolan et al. 34 and Yang et al..36 Despite these differences

between experimental values, the SCMF predictions are in general much larger. This

difference may be due to the model being too simple to correctly capture the correct

fine balance between entropic and enthalpic factors. It may also be due to the approx-

imations used in the SCMF itself. For example, in this work a spherical symmetry is

assumed for the micelles without fluctuations, which may affect the micelle free energy

of formation by small fractions of kT . Although small compared to the formation of

the micelle, these approximations may affect the preferred aggregation number.9,15

Despite this, the model is able to correctly reproduce the qualitative trends such as a

16



decrease of the aggregation number with an increase of the EO units while maintaining

the PO units relatively constant as in the case of P84, P85, F87, F88, which has also

been observed experimentally for P104, F108 by Alexandridis et al.,8 P85, F87, F88

by Mortensen and Brown 46 and P103, P104, P105 by Nolan et al..34 Moreover, an

increase in the aggregation number with the number of PO units while EO monomers

remains constant is also observed, as in the case of P65, L64 and P84, and has been

experimentally reported by Booth and Attwood 47 for a series of Pluronic surfactants.

A comparison between experimental CMC values and those determined with SCMF from Ta-

ble 2 can be found in Figure 2. In general, a good quantitative agreement between experimental
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Figure 2: Experimental CMC versus theoretical values predicted in the SCMF scheme for
Pluronics studied in this work. Dashed line represents the ideal scenario where experimental
and theoretical values match exactly. Error bars in theoretical data are smaller than the
diameter of the filled circles

and predicted values can be observed. For CMCs above 10−6 mol/L, most data points are

close to the dashed line indicating an excellent quantitative agreement between the

SCMF predictions and the experimental values giving a high level of confidence in the

model results. Nevertheless, this is not the case for F68, where two values are given. This is

mainly because of the discrepancy between the experimental data reported by Batrakova et al. 35
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and Alexandridis et al..41 In the latter, the reported CMC above 40 ◦C is 8.33 × 10−3mol/L and

11.9× 10−3 mol/L for 33 ◦C, this establishes an interval for our target of 37 ◦C, and supports the

idea that in the case of F68 the CMC for a temperature of 37 ◦C could be near to 10−2 mol/L

which is in the same order of magnitude as the value reported in this work, although contrary to

the value reported by Batrakova et al. 35 which is of the order of 10−4 mol/L. This is also supported

when comparing the experimental CMCs for a selection of Pluronics in Table 2 with the same PO

weight but varying the EO presence; for example, i) in the case of P105 and F108 an increase close

to three times in EO content results in an increase of the CMC within the same proportion, ii)

similar to P85 and F88, where the hydrophilic units increase four times as well as the corresponding

CMCs, hence, an extrapolation to the case of L64 and F68 where the PEO increases five times lead

one to expect a similar tendency in the CMC value. Another exception in Figure 2 is that of the

most hydrophobic Pluronics P105 and F127 together with P84 which reveal underpredicted values

by over one order of magnitude with respect to experimental data.

In order to understand the nature of such discrepancies we have selected a series of Pluronics with

hydrophilic units in a specific range which ensures that the changes in the CMC are not significantly

affected by the increase or decrease of EO units in this interval. In this case, the effect of the hy-

drophobic PO length on the CMC can be better appreciated. Specifically, we have considered those

Pluronics that contain EO units in the range of 20-74. The CMC dependence when hydrophobic

PPO units increases in both experimental and predicted values with the SCMF can be observed

in Figure 3. Below 40 PO units there is a good agreement between predictions and experimental

values that corresponds to high CMCs, however, above value 43 PO units (Pluronic P84) a strong

deviation from the linear behavior in the experimental data is observed and is not predicted in the

results of the model implemented in this work.

Following this procedure we can also analyze those surfactants with a total number of hydrophilic

units EO in the range 122-266, also including the experimental CMCs reported by Alexandridis

et al. 41 in a range of temperature between 35 and 40 ◦C with the exception of F68 (n=29) whose

lowest temperature is 33 ◦C, the resulting graph is shown in Figure 4.

As can be observed, the experimental values reported in Ref. 41 for CMCs above 10−5 mol/L are
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Figure 3: CMC dependence with respect to the hydrophobic length of Pluronics
EOnPOmEOn for short head lengths (20≤2n≤74). Empty circles refer to experimental data
given in Table 2 with exception of the three most hydrophobic copolymers (P103, P104 and
P123 respectively) which are not included in the table but are given in Ref. 35. Empty
squares are SCMF predictions together with the best fit represented by the dashed blue
lines, the red dotted line is the best fit for the four highest CMC experimental points
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Figure 4: CMC dependence with respect to the hydrophobic length of Pluronics
EOnPOmEOn for long head groups (122≤2n≤266). Empty circles refers to experimental
data reported in Ref. 35 which are given in Table 2, bars are the CMCs in a temperature
range between 35 and 40 ◦C given in Ref. 41 while empty squares are the SCMF predictions
together with the best fit represented by the dashed blue line

close to the predictions of this work. However, on increasing the hydrophobic units above

50 PO units, a deviation between experiment and SCMF is found. This break in the

logarithmic CMC behavior with respect to high hydrophobic units is similar to the experimental

reports for diblock copolymers48 and gemini surfactants.49 From a theoretical point of view, free

energy models do not predict such a deviation.13 Also recent simulations using Grand-Canonical

MC simulations for nonionic surfactants exhibit the usual exponential decrease rejecting the col-

lapse of the hydrophobic block as an explanation for such a deviation.50 Indeed, our previous work

for Gemini surfactants suggests that this deviation is because the experimental results are not true

equilibrium values due to the large time scales found for these systems.21 These non-equilibrium

effects would explain the discrepancy between experimental P105 and F127 CMCs in comparison to

the values reported in this work. In the case of P84 the CMC values are higher and are not

expected to be affected by equilibration issues. However, the experimental data for

the CMC of P84 is clearly inconsistent with that of P85; where despite having a larger

number of PO and lower EO units, which is expected to give a lower CMC, P84 has
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a larger CMC. This suggests that the discrepancy between experimental and SCMF

values for P84 may come from experimental issues different from non-equilibrium ef-

fects.

Although aggregates conformed by real conformations as in the usual MD, MC, or

DPD simulations cannot be obtained from the SCMF results, it is possible to construct

schematic diagrams of the aggregates for surfactants under study from the set of the

configurations with the highest probability {P [γ]}. In particular, a micelle for Pluronic

F68 is shown in Figure 5, where the snapshot is generated for visualization purposes

and should not be interpreted as a real aggregate. As can be observed, the micelles have

Figure 5: Cross-section scheme of an aggregate for Pluronic F108 (EO133PO50EO133) for
an aggregation number of 34. The conformation with the highest probability is
highlighted while the remaining configurations are half of the next 33 most probable
conformations. Red beads represent the PEO units forming the corona while the PPO units
are represented in blue.

a large concentration of hydrophobic PO units in its core which decreases with respect to distance

from the center of the micelle. This core is surrounded by a non-uniform shell of hydrophilic EO

units that starts to increase from the center of the micelle reaching a maximum value and then

decays smoothly with distance. A quantitative description of the density profiles of the micelle is

presented in Figure 6.
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Figure 6: Volume fraction profile for the most stable micelle in the case of Pluronic F108
with an aggregation number N = 34. Blue lines represents the PO percentage inside and
outside the micelle, while red lines refers to the volume fraction of EO units and black dotted
lines are related to the corresponding profile of the solvent

In all cases under study a similar behavior in the equilibrium state volume fraction profile has

been observed where the shape of the PO and EO volume fractions depends on their corresponding

number of units. The number of PO and EO units of a chosen Pluronic system was shown to

modify the solvent profile which is found to be between 20 and 30% at the center of the micelle.

This hydration in the center of the micelle has been reported in several simulation works,2,17,18,20,22

and also derived from the analysis from SANS data for a variety of Pluronics: P85 with a concen-

tration of 5% was found to contain a water content in the core between 60 and 10% for a range of

temperature from 31.4 to 40 ◦C,43 P84 and P104 at temperatures 35 and 45 ◦C in concentrations

2.6 and 4.2% respectively39 contained water content fractions in the core of 20% and 6%, and L64

at a temperature of 37.5 ◦C and concentration 2.5% was reported to have a fraction of solvent in

the core of 40% and 80% in the corona.36
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Conclusions

We have presented a coarse-grained model for Pluronic systems for 37 degrees Celsius based on

SCMF simulations. The estimates of our model for the CMC are found to be in excellent agreement

with experimental data for a wide range of surfactants. On the other hand, the SCMF aggre-

gation numbers are generally much larger than the ones reported from experiments.

However, it is difficult to extract the aggregation numbers from the experiments and

significant discrepancies between different groups can be found in the literature. Our

findings reveal that an increase of PO units with EO units held relatively constant yields a decrease

in the CMC and an increase in the aggregation number. Increasing the hydrophilic EO units results

in a slight increase in the CMC and a decrease in the aggregation number. This overall scenario

agrees qualitatively with the available experimental and theoretical reports. From a comparison

between our CMC predictions and available experimental data, we find evidence of a deviation

from the expected exponential trend in the case of experimental CMCs for the most hydrophobic

Pluronics. Based on our confidence of the CMCs predicted in this work when compar-

ing with experimental data down to 10−6 mol/L and previous SCMF and MC studies,

we suggest that this deviation can be explained as a consequence of non-equilibrium

effects in the experiments.
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