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ABSTRACT The effect of polymer impurities on the micellization in aqueous solutions of a PEO-PPO- 
PEO triblock copolymer [PEO and PPO are poly(ethy1ene oxide) and poly(propy1ene oxide), respectively] 
was modeled with a mean-field lattice theory for multicomponent mixtures of copolymers with internal states 
occurring in heterogeneous systems. A PEO-PPO diblock copolymer and PEO and PPO homopolymers were 
considered as impurities. The critical micellar concentration (crnc), the aggregation number, and the fraction 
of impurities as well as the spatial distribution of segments in the micelle have been investigated. In particular, 
the presence of the diblock impurity reduces the cmc and increases the aggregation number. At  the cmc, 
the diblock impurity aggregates more readily than the triblock copolymer, and the fraction of the impurity 
in the micelles could be a factor of 4 larger than the stoichiometric fraction. The width of the PO/EO interface 
in the micelles was not affected by the presence of the diblock impurity. The PPO homopolymer also reduces 
the cmc but to a lesser extent. The existence of polymer micelles increases the solubility of PPO by several 
orders of magnitude by solubilization of PPO in the hydrophobic core of the micelle. Despite the low solubility 
of PPO in aqueous solution, ca. 10% of the micellear volume could consist of solubilized PPO. The amount 
of PPO solubilized per micelle increases strongly with temperature and with the volume fraction of free PPO 
but only weakly with the volume fraction of the triblock copolymer. The effect of the PEO impurity on the 
micellization was negligible. It was also concluded that the repulsive interaction among the PEO headgroups 
determines the growth of the micelles. 

I. Introduction 
Triblock copolymers of the PEO-PPO-PEO type [PEO 

and PPO are poly(ethy1ene oxide) and poly(propy1ene 
oxide), respectively], often referred to as Pluronic poly- 
mers, have been a subject of great interest during recent 
years.l-9 The self-association phenomenon due to the more 
hydrophobic PPO block and the more hydrophilic PEO 
block forms the basis for many applications of the Pluronic 
polymers. In addition to the extensive experimental 
investigation, some theoretical studies of micellization,1G12 
solubilization,12 and phase behavior13 have been performed. 

The micellization process of Pluronic polymers is largely 
similar to that of smaller surfactant molecules. The critical 
micellar concentration (crnc), however, is less well deter- 
mined, and the reported cmc and aggregation number 
values differ substantially due to the presence of polymer 
impurities* and to a substantial polydispersity, which are 
consequences of the manufacturing process. 

The aim of the present investigation is to theoretically 
examine the influence of a small amount of PEO-PPO 
diblock copolymer as well as of PPO and PEO homopoly- 
mers on the micellization process. The effect of the 
polydispersity of the Pluronic polymers is the subject of 
a forthcoming report. The present study is a continuation 
of a previous one,l1 in which the influence of the polymer 
composition and structure of block copolymers containing 
PEO and PPO on the micellization was examined. In the 
former studies,11J3 it was found that the theoretical critical 
micellar temperature curves were displaced by =20-30 K 
above the experimental ones and, moreover, no micelli- 
zation could be predicted for the shortest polymers of the 
Pluronic family. It was suggested that the presence of 
impurities and in particular the polydispersity of the 
experimental samples contribute to this discrepancy. 

The theoretical description is based on a lattice theory 
for heterogeneous systems, initially developed by 
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Scheutjens and Fleer14 and later extended for the descrip- 
tion of micelle formationl5 and polymers possessing 
internal degrees of freedorn.l6 The latter approach 
provides us with a formalism where temperature- and 
concentration-dependent interaction parameters can be 
obtained by using a conformational m0de1.l~ Such a 
polymer model has successfully been used for describing 
the inverse temperature behavior of aqueous solutions of 
PEO and related polymers (a worsening of the solvency 
condition occurs on increasing temperature, eventually 
leading to phase separation). The conformational model 
accounts for the fact that different conformations of 
ethylene oxide groups differ in their dipole moments and 
that the polar conformations are less numerous. The 
conformations are divided into two classes or states, one 
being more polar with a low energy and a low statistical 
weight and one being less polar (referred to as nonpolar) 
with a higher energy and a higher statistical weight. At  
low temperatures, the former class is dominating and the 
effective polymer-solvent interaction is favorable, whereas 
a t  higher temperatures, the latter class is more important, 
rendering the polymer-solvent interaction more unfavor- 
able. Furthermore, the effective polymer-solvent interac- 
tion becomes more unfavorable as the polymer concen- 
tration increases. 

11. Theory 
The theoretical approach embraces a determination of 

whether the Pluronic polymers in an aqueous solution form 
micelles or remain unaggregated. The conditions for the 
existence of stable aggregates and their size and composi- 
tion were examined by using a lattice theory for multi- 
component mixtures of copolymers with internal degrees 
of freedom.l6 Since the theory and the set of interaction 
parameters used are the same as those in the previous 
investigation of micellization of Pluronic polymers,11 only 

0 1994 American Chemical Society 



2686 Linse Macromolecules, Vol. 27, No. 10, 1994 

indicate an averaging over three adjacent layers. Thus, 
a state is favored by high degeneration, low internal energy, 
and favorable interaction (small x) with its neighboring 
segments. 

The species volume fraction 4 ~ i  needed in eq 1 is simply 
related to nxsi, the number of sites in layer i occupied by 
segments of rank s (the sth segment in a chain) belonging 
to component x according to 

Figure 1. Two-dimensional illustration of an infinite spherical 
lattice and a micelle formed by four triblock copolymers, B3&B3. 
The hydrophobic segments A (filled circles) form the central 
part of the micelle, whereas the more hydrophilic segments B 
(open circles) form the outer layer of the micelle. Note the small 
number of unfavorabIe contacts between the hydrophobic 
segments and the solvent (unfilled lattice cells). 

a brief account, adapted for calculations of multicompo- 
nent micelles, is given here. For a more detailed descrip- 
tion of the lattice theory, see e.g., refs 14-16. 

The space is divided into concentric shells, and each 
shell is further divided into lattice cells, each containing 
one polymer segment or a solvent molecule. The con- 
formations of a polymer chain are described as random 
walks on the spherical lattice; see Figure 1. The interaction 
extends only to segments or solvent molecules in adjacent 
lattice cells. The random-mixing (mean-field) approxi- 
mation is applied within each layer separately, and thus 
we are able to obtain and describe radial concentration 
profiles. 

The computation involves a self-consistent determina- 
tion of the state distribution (Le., the distributions of the 
polar and nonpolar states of the EO and PO species in 
each layer) and the segment distribution (Le., the radial 
distribution of each polymer segment and of water 
molecules). The state distribution is derived from the 
partition function and is given by the following implicit 
set of nonlinear equations16 

valid for all species (EO, PO, and water, collectively labeled 
A), states (polar and nonpolar conformations in the case 
of EO or PO, collectively labeled B), and layers (i). In eq 
1, PAB~ denotes the fraction of species A in layer i which 
is in state B, Urn the internal energy of state B of species 
A (arising from different internal energies between the 
polar and nonpolar conformations), gm the degeneration 
factor of state B of species A (arising from different 
numbers of polar and nonpolar conformations), X B B  the 
Flory-Huggins interaction parameter representing the 
interaction between species A in state B and species A’ in 
state B’, and d ~ i  the volume fraction of species A in layer 
i. Moreover, B = (kT)-’, where k is Boltzmann’s constant 
and T the absolute temperature. The angular brackets 

where Li is the number of sites in layer i and r, the number 
of segments in component x .  The Kronecker delta selects 
only segments of rank s of component x if they are of type 
A. 

The expression of the segment distribution becomes 
more complex since the correct weight of all conformations 
and the connectivity of the chains have to be taken into 
account. Again starting from the partition function, nxsi 
is obtained by a matrix method and is given by16 

s’=r, s’=2 

where C, is a normalization factor related to the bulk 
volume fraction of component x ,  Wt(,J) a tridiagonal matrix 
comprising elements which contain factors describing the 
lattice topology and weighting factors for segments of rank 
s belonging to component x ,  and p(x,l) avector describing 
the distribution of the first segment of componentx among 
the layers, A and s being elementary column vectors. In 
the present study, a hexagonal lattice with 12 nearest 
neighbors has been used. The weighting factor G A ~  for 
species A in layer i entering W is given by 

where the species potential U A ~  can be divided into two 
parts according to 

(5) 

If the species potentials are defined with respect to the 
bulk solution, i.e., if u i  = 0, then the two terms are given 

int UAi = u’; + UAi 

by 

The species-independent term u’i ensures that the space 
is completely filled in layer i by a suitable choice of ai, and 
u’j is related to the lateral pressure in a continuous model. 
In bulk u’ becomes zero. The species-dependent term 
ut: has two contributions: the internal free energy for 
species A in layer i being diminished by the corresponding 
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quantity in bulk and the mixing energy for species A in 
layer i being diminished by the mixing energy for species 
A in bulk. In both cases, averages are taken over the 
relevant state distributions. A t  distances far away from 
the center of the aggregate, PAB~ approaches PiB, +A; 

approaches Q,, and hence u:: becomes zero. Since u ~ i  is 
needed for obtaining @ ~ i  through eqs 2-4 and L L A ~  depends 
itself on according to eqs 5 and 6, eqs 2-6 have to be 
solved self-consistently. At the same time, the state 
distribution, which depends on 6 ~ ; .  has to fulfill eq 1. 

The solution of eqs 1-6 has two branches, one cor- 
responding to homogeneous concentration profiles through- 
out the entire lattice and one to a single micelle, formed 
atthecenterofthe lattice,inequilibrium with thespecified 
hulk concentration of the components. The free energy 
of forming the micelle a t  a fixed position, A", is readily 
calculated from the volume fraction distributions of the 
species and of the states and from the chemical potentials 
of the components in bulk according to eqs 2-6,14, and 
15 in ref 11. At equilibrium A' (>O) is balanced by a 
negative mixing entropy kT In(V,IV,), where V, is the 
volume of the micelle and V. is the volume of a subsystem 
containing one micelle and its accompanying s~lu t ion . '~  
The micellar volume is approximated by 

b 
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Figure 2. Schematic illustration of the molecular structure of 
the Pluronic P105 triblock copolymer and the polymer impurities 
studied. ThePEO hlocksare represented by open areasand the 
PPO blocks by shaded areas, the length of each area is 
proportional to the number of monomers of the block. The 
compositions used in the model calculations were (E0MPO)w- 
(EOh.  (EO)n(PO)w, (PO)=, and ( E O h  respectively. Pluronic 
is a trademark of BASF Wyandotte Chemical Corp. The 
compositionof PluronicPlOS wascalculated from data provided 
by the manufacturer. 

Finally, in the following the bulk volume fraction of 
component x ,  @:, will he referred to as the free volume 
fraction of component x ,  b:, whereas the excess amount 
will be referred to as the amount being aggregated or 
solubilized. 

111. Polymer Model 

Polymers. Pluronic polymers with a broad range of 
total mass and of EOIPO ratio are commercially available. 
The synthesis procedure, however, leads to mass and 
composition (EOIPO ratio) distributions of the desired 
triblock copolymer as well as to the formation of ho- 
mopolymers and dihlock copolymers (referred to as 
impurities). A model of an aqueous solution of (mono- 
disperse) Pluronic P105 is used for the investigation of 
theeffects ofthe impurities. Figure 2 showsschematically 
the molecular structures of Pluronic P105 and the 
impurities related to it which are considered, and their 
compositions are given in the figure caption. Each of the 
blocks of the polymer impurities has the same number of 
segments as the corresponding block in Pluronic P105. 
Also very likely to occur is the corresponding diblock 
impurity with only half the number of PO segments. The 
influence of this diblock copolymer on the micellization 
is, however, believed to be smaller due to an unchanged 
EOIPO ratio as compared to the Pluronic polymer. 

Interaction Parameters. In order to pursue the 
calculations, parameters describing the interaction among 
the species and the state equilibrium have to be specified. 
The internal state energy, UAB, and the degeneration,gAe, 
of all states of all species, as well as the Flory-Huggins 
interaction parameters between all pairs of species in the 
different states, XBB, are displayed in Table 1. All of them 
were previously determined for simpler systems (binary 
PEO/water,17Js binary PPO/water,16 and ternary PEOl 
PPO/water solutions1g) by fitting calculated phase dia- 
grams to experimental ones. Thus, in the present study 
there are no adjustable parameters. The set of parameters 
is the same as those in the previous investigations of the 
micellization of EO and PO containing block copolymers" 
andof the phase behavior of Pluronicpolymers in aqueous 
s0lution.~3 

IV. Results and Discussion 

Diblock Impurity. The calculated critical micellar 
temperature (cmt) as a function of the polymer volume 
fraction for an aqueous solution of Pluronic P105 without 
impurity is shown in Figure 3 (dashed curve). As previ- 
ously found e~perimentally,'-~ as well as theoretically for 

where the prime restricts the summation to components 
constituting the micelle (all components except water and 
PEO) and rx is the excess number of segments of 
component x in the subsystem (given by eq 16 in ref 11). 
The total volume fraction of component x in the subsystem 
(equal to the stoichiometric concentration of x in the 
micellarsolution) isthesumoftheexcessandbulkvolume 
fractions according to .- 

I 
(8) 

On the basis of a selected bulk composition {&the  
numerical procedure involves the computation of the 
equilibrium state and segment distributions according to 
eqs 1-6, and then the excess free energy of the subsystem 
A" and the set of the excess number of segments of the 
components {r,} are calculated. Subsequently eq 7 
provides the micellar volume which together with Ar and 
the requirement of equilibrium gives V.. Finally, the total 
composition {4:} is obtained from eq 8. Any change in 
the bulk composition {@:I leads to a change in the total 
composition, and the desired {@:I was obtained by 
variation of I+:}. 

The aggregation number of the micelle without impuri- 
ties is simply given by Nagg = rplo5/rplO5, Le., the excess 
of Pluronic P105 segments divided by the number of 
segments of a single Pluronic P105 chain. In the case 
with impurities, an effective aggregation number is defined 
according to 

tat - 2 + 6 b  4 x  - v, I 

% = rwlymsJ~P1os (9) 
Since the excess of polymer segments rwiymc. is the sum 
of P h o n i c  P105 and impurity segments, W,", is the 
aggregation number of Pluronic P105 which would be 
observed if the occurrence of the impurities were not 
known. 
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Table 1. Internal State Parameters (Urn and gAB) and 
Flory-Huggins Interaction Parameters (XBB,)  of the 

Theoretical Model (Energy in kJ mol-') 

state no. species state UAB &?AB 

1 water 0 1 

3 no n p o 1 a r 5.086" 8" 

5 nonpolar 11.5b 60b 

2 EO polar 0" 1" 

4 PO polar Ob l b  

state no. 2 3 4 5 
1 0.6508' 5.568' 1.7b 8.5* 
2 1.266' 1.8' 3.OC 
3 0.5' -2.oc 
4 1.4b 

a From the fit to the experimental data of the binary PEOiwater 
phase diagram (see refs 17 and 18). b From the fit to the experimental 
data of the binary PPO/water phase diagram (see ref 16). c From the 
fit to the experimental data of the ternary PEOIPPOIwater phase 
diagram (see ref 19). 

330 ?- __-__ 
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Figure 3. Critical micellar temperature (2') for aqueous solutions 
of a Pluronic PlOB-diblock mixture with x g ;  k 0.05 (solid 
curve), of Pluronic P105 (dashed curve), anrof=the diblock 
copolymer (dotted curve) as a function of the total polymer volume 
fraction ($'&,e,). The symbols indicate conditions considered 
further be ow. 

other Pluronic polymers,11J2 the critical micellar concen- 
tration (crnc) depends strongly on the temperature. The 
diblock impurity considered, (E0)3,(P0)56, has also an 
amphiphilic character and is able to form micelles on its 
own in solution. Figure 3 (dotted curve) shows that the 
cmc for an aqueous solution of the diblock copolymer (for 
a given temperature) is strongly reduced as compared with 
the cmc for an aqueous solution of Pluronic P105. The 
lower cmc of the diblock copolymer is a consequence of 
its more hydrophobic character. In addition, the require- 
ment of only having one EO-PO junction per chain (instead 
of two) localized to the hydrophobic-hydrophilic interfacial 
region in the micelles facilitates the micel1ization.ll 

In the experimental situation, a small, but often 
unknown, fraction of the polymer content exists as diblock 
copolymers. Figure 3 shows that for a diblock impurity 
constituting 5% of the total polymer content, i.e., 

&&k is the total polymer concentration, the cmc is 
reduced by -20-30% (cf. solid and dashed curves) or 
alternatively the cmt is reduced by some Kelvin. Since 
the amount of diblock impurity is most likely to be less 
than 5 % of the polymer content, the model calculations 
predict that the occurrence of diblock impurities only 
marginally affects the cmc. However, as will be shown 
later, other properties are more strongly affected by the 
presence of diblock impurities. Thus, depending on the 
technique used to monitor the cmc, the change in the cmc 
due to the presence of diblock impurities in the solution 

tot 
Xdjblwk $ & & / 4 s m e r  = 0.05, where 4smlymer = &ti)5 + 

0.0 0 2 0.4 0.6 0 8 1 0 

'diblock 

Figure 4. Critical micellar temperature (2') for an aqueous 
solution of a Pluronic P105-diblock mixture as a function of the 
fraction of diblock copolymer ( x ~ ~ ~ & )  (solid curve) at a total 
polymer volume fraction d$mer = 0.02. The volume fractions 
of diblock copolymer in the micelles (x$libcoek) at the critical 
micellar temperatures are also given (dashed curve). The filled 
triangles here and in Figure 3 denote pairwise identical systems 
and conditions. 

could be essential in the experimental case. 
Figure 4 shows the cmt for an aqueous solution of a 

Pluronic P105-diblock mixture as a function of the diblock 
copolymer fraction of the total polymer amount, 
~ 2 k ~ ~ ~ ~ ,  at a fixed total polymer volume fraction of @zymer = 0.02 (solid curve). The depression of the cmt 
depends linearly on the diblock copolymer fraction up to 
Xtot diblwk = 0.3, and it levels slightly off at higher x2&.& 
Thus, the model suggests that the reduction of the cmt is 
essentially proportional to the polymer fraction of the 
diblock impurity. Also displayed in Figure 4 is the volume 
fraction of the polymer content in the micelles which is 
constituted by diblock Copolymers, X r i w k  E rd ib lwk/  

rpoiymer, where rpolymer = ~ P I O ~  + rdiblock (dashed curve). 
The location of the Xg$,k curve above the XEi lwk curve 
implies a preferential micellization of the diblock copoly- 
mer. The increase of the diblock copolymer fraction in 
the micelle as compared with the diblock copolymer 
fraction of the whole system can be expressed by the ratio 

diblwk/ d,block The maximal ratio occurs as X;k,lock ap- 
proaches zero, and the ratio is reduced with increasing 
Xtot diblock with the limiting value of 1. For the case shown in 
Figure 4, the maximal ratio is 4.3, and for the 5% diblock 
impurity case previously considered, 20% of the volume 
of the aggregated polymer is constituted by diblock 
copolymers, Le., X ~ ~ w k / x ~ ~ , l w k  = 4.0. The preferential 
micellization of the more hydrophobic diblock impurity 
is most prominent close to the cmc, and it reduces as the 
total polymer concentration increases (see Figure 7 below). 

Figure 5 shows total polymer volume fractions as a 
function of the radial distance from the center of the micelle 
for a total polymer volume fraction 4smer = 0.0225 at T 
= 325 K (corresponding to the open square in Figure 3). 
The volume fractions at  large layer numbers correspond 
to bulk values. Total polymer volume fraction profiles 
are given for a 5% diblock impurity (full curve) and for 
a pure Pluronic P105 solution (dashed curve). The 
conditions were selected such that the pure Pluronic P105 
solution is a t  the cmc (open square in Figure 3) and 
consequently the solution with diblock impurity is slightly 
above its cmc (filled square in Figure 3). From Figure 5 
it is inferred that the presence of the diblock impurity 
increases the micellar size by extending the micellar core 
(the region with constant polymer volume fraction) further 

p i c  xt$ 



Macromolecules, Vol. 27, No. 10, 1994 PEO-PPO-PEO Triblock Copolymer 2689 

0 10 20 30 
Layer number (I) 

Figure 5. Total polymer volume fraction (&,lymer,,) as a function 
of layer number (i) for an aqueous solution of a P105-diblock 
mixture with xgt oc = 0.05 (solid curve) and for an aqueous 
solution of Pi05 (8asied curve), both with a total polymer volume 
fraction 4; ~ = 0.0225 at T= 325 K. For the mixture, the total 
volume fracGns of Pluronic PI05 ( 4 ~ 1 ~ ~ )  and diblock copolymer 
(f#J&bl&,) as a function of layer number (i) are also shown (dotted 
curves). The selected polymer volume fraction and temperature 
corresponds to the open square in Figure 3. Inset: Total segment 
volume fraction of Pluronic P105 (4EO(P106),r and 4po(plm),,) (solid 

(dashed curves) as a function of layer number ( I )  for the aqueous 
solution of the P105-diblock mixture. 

Curves) and Of diblock copolymer (hO(dib1ock)j. and '$PO(Qblock),t) 

0 1  ! --5 ~ i 
0 10 20 30 

Layer number (I) 

Figure 6. Total volume fraction of the EO-PO junctions 
(&jundon~) as a function of layer number (i). Conditions and 
symbols as in Figure 5. 

out. The effective aggregation number increases from 18.9 
to 46.6, of which 38.1 are Pluronic P105 polymers and the 
rest formed by 12.0 diblock copolymers. The separate 
density profiles of Pluronic P105 and the diblock copoly- 
mer are also given in Figure 5. It is seen that the diblock 
copolymer is preferentially located in the central part of 
the micelle, whereas the volume fraction of Pluronic P105 
is substantially reduced in the micellar center, as compared 
with the case of no impurities (dashed curve). This 
replacement of Pluronic P105 with diblock copolymer leads 
to a maximum of the Pluronic P105 density, here in layer 
8. 

The volume fraction profiles of the EO and PO segments 
of Pluronic P105 and of the diblock impurity are shown 
by the inset in Figure 5. The EO profiles are nearly 
proportional; the difference in magnitude reflects the lower 
content of diblock copolymer in the micelles, X$&& = 
0.18, and the lower fraction of EO in the diblock copolymer 
than in Pluronic P105 (see Figure 2). On the other hand, 
the distributions of the PO segments differ in character. 
The PO segments of the diblock copolymer are preferred 
to be closer to the center of the micellar core, whereas the 
PO segments of Pluronic P105 form an outer shell of the 
core. 

In addition to the segment profiles, the model calcula- 
tions also provide information on the spatial location of 
the EO-PO junctions (cf. eq 3). Figure 6 shows the volume 
fraction profile of the EO-PO junctions for the cases 

325 1 

0 . 0 1  ' ' ' ' 1 
0.00 0.05 0.10 0.15 0.20 

@bodl,mer 

Figure 7. Fraction of diblockcopolymer (xmiCoc ) in micelles for 
an aqueous solution of a Pluronic P105-d%~0& mixture with 
x g i l w k  = 0.05 as a function of the total polymer volume fraction 
(4"; er) at T = 315 and 325 K. The symbols denote the cmc, 
anz%e corresponding symbols in Figure 3 denote identical 
systems and conditions. 

considered in Figure 5. The location of the maxima of the 
junction distributions corresponds to the border between 
the EO- and PO-rich domains (cf. inset of Figure 5) .  
Although clear maxima are present, the distributions of 
the junctions are broad and the volume fractions of the 
junctions are appreciable in the centers of the aggregates. 
The presence of the diblock impurity does not change the 
extension of the zone of EO-PO junctions for Pluronic 
P105. Moreover, the volume fraction curves of the 
junctions for Pluronic P105 and for the diblock impurity 
(dotted curves) are almost proportional to each other. The 
unequal distributions of the PO segments (Figure 5, inset) 
and the proportional PEO-PPO junction distributions 
imply that the PPO block of the diblock copolymer is 
more stretched than the PPO block of the triblock 
copolymer. Thus, the occurrence of diblock impurities 
does not lead to a reduction of the EO-PO contacts by a 
sharpening of the EO-PO interface and the distribution 
of the EO-PO junctions of the diblock copolymers is the 
same as that of the junctions of Pluronic P105 despite 
different molecular composition and block structure. 

Next, we will consider how some quantities character- 
izing the micelles vary with the total polymer volume 
fraction at 315 and 325 K for an aqueous solution of 
Pluronic P105 with and without diblock impurity. Thus, 
we will monitor the consequences of a small amount of 
diblock impurity. Again a diblock impurity of 5 %  of the 
total polymer content, i.e., X:&,& = 0.05, will be consid- 
ered. 

Figure 7 shows the fraction of diblock copolymer in the 
micelles as a function of the total polymer volume fraction 
between the cmc and 0.2 at  the two temperatures. 
Generally, the preferential aggregation of the diblock 
copolymer decreases with the total polymer volume 
fraction. However, the maximum of XfEwk occurs a t  a 
total polymer volume fraction slightly larger than the cmc 
(the shift from the cmc increases with the temperature, 
and the origin of the shift will be discussed below). Well 
above the cmc, the diblock/P105 ratio in the micelle 
becomes close to that in solution. Another observation is 
that the relative amount of diblock copolymer in the micelle 
increases a t  reducing temperature a t  agiven, but sufficient 
large, total polymer volume fraction. The relative con- 
centration of the free diblock impurity in the solution, 
i.e., c$&,lwk/&$lock, increases slower than the relative 
concentration of free Pluronic P105 at  reducing tempera- 
ture, and hence the micelles become relatively richer in 
the diblock impurity. 
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Figure 8. Effective micellar aggregation number (WG) for an 
aqueous solution of a Pluronic P105-diblock mixture with 
xgIwk = 0.05 (solid curves) and of Pluronic P105 (dashed curves) 
as a function of the total polymer volume fraction (q$&er) at T 
= 315 and 325 K. The symbols denote the cmc, and the 
corresponding symbols in Figure 3 denote identical systems and 
conditions. 

Not only the crnc but also the aggregation number of 
the Pluronic micelles are strongly sensitive to the tem- 
perature. Figure 8 shows that the aggregation number of 
micelles formed in pure Pluronic P105 solution increases 
from 8 to 12 at increasing polymer concentration at  315 
K, whereas the aggregation number at the crnc is =20 at 
325 K and increases to =40 at higher total polymer 
concentration. In the presence of 5% diblock impurity, 
the effective aggregation number becomes larger. At  the 
higher temperature and at  increasing total polymer 
concentration, the effective aggregation number increases 
rapidly and displays a maximum at  4Symer = 0.02, similar 
volume fraction at which X$;,k displayed its maximum. 
Well above the cmc, the effective aggregation number 
becomes independent of the total polymer volume fraction, 
and it becomes ca. 10-15% larger than the aggregation 
number without impurity. The calculated hydrodynamic 
radius displays a similar dependence on impurity, tem- 
perature, and the total polymer volume fraction. 

If only one aggregating component were present (e.g., 
Pluronic P105 polymers without diblock impurity), the 
aggregation number increases monotonically with the total 
polymer concentration for stability r e a ~ o n s . ~ ~ J ~  This 
condition is not applicable for the effective aggregation 
number in a system where several components aggregate. 
In Figure 8, the maximum displayed at  325 K is entirely 
due to the fact that the number of diblock copolymers per 
micelle as a function of the total polymer concentration 
displays a maximum. The number of Pluronic P105 
polymers in the micelles increases monotonically with the 
total polymer concentration. 

The reason for the existence of a maximum of X:tlock 
and of the number of aggregated diblock copolymers per 
micelle is as follows. The relative amount of aggregated 
diblock copolymers, i.e., ((b!.$i,loek - (b&,lock)/(b!.$L,l& and of 
aggregated Pluronic P105 polymers, (@io5 - (b;105)/ 

&io,, increases with 4polymer, tot Since @iO5 >> (bg, lock,  nor- 
mally cp:io, - 4kIo5 increases faster than (b!.$ilock - (b:iblock 

with (bzPoter. However, just after the crnc the reverse 
occurs, since the diblock copolymer is the least soluble of 
the two copolymers, and hence &&& display a maximum 
as a function of the total polymer volume fraction. Because 
the number of Pluronic P105 copolymers per micelle 
increases with I # I E ~ ~ ~ ~ ,  the peak in the effective aggrega- 
tion number is shifted to larger (bzWer and is less 
prominent (or is even absent) as compared with XE$,k. 
The occurrence of the maxima becomes more pronounced 
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Figure 9. Headgroup area per PEO block, in lattice units, for 
an aqueous solution of a Pluronic P105-diblock mixture with 
x E ~ ~ ~ ~  = 0.05 (solid curves) and of Pluronic P105 (dashed curves) 
as a function of the total polymer volume fraction (@'t 
= 315 and 325 K. See text for the definition of t h e e x E z  
area. The symbols denote the cmc, and the corresponding 
symbols in Figure 3 denote identical systems and conditions. 

a t  increasing temperature, since the difference in solubility 
becomes more accentuated. 

The growth of spherical micelles formed by nonionic 
surfactants [alkyl chain with an oligo(ethy1ene oxide) 
headgroup] a t  elevated temperature is normally attributed 
to a smaller repulsion among the headgroups, which is a 
consequence of a reduction of the extension of the 
headgroups due to poorer solvency condition.20 In Figure 
9, the projected headgroup area per EO block is given as 
a function of the total polymer concentration at  the two 
temperatures. The locations of the peaks of the Pluronic 
EO-PO junctions (see Figure 6) were taken as radii of the 
spheres for the projection. Indeed, Figure 9 shows that 
the headgroup area reduces drastically at increasing 
temperature but that the headgroup area is essentially 
independent of the presence of diblock impurity and of 
the total polymer concentration. This fact, in conjunction 
with finding that the effective aggregation number is only 
weakly dependent on the presence of diblock impurity 
and of the total polymer concentration, supports that the 
aggregation number is strongly controlled by the interac- 
tions among the headgrou s in this system as well. Finally, 

be ~ 3 7 0  A2 at  315 K and 210 A2 at  325 K. 
To conclude, the presence of a small fraction of diblock 

impurities reduces the crnc by =20-30% or alternatively 
reduces the cmt by a few Kelvin. The reduction of the 
cmt is nearly proportional to the amount of diblock 
impurity present. More important, however, is the 
increase of the micellar aggregation number and size. The 
fact that the presence of diblock copolymer does not change 
the headgroup area as well as the similar EO-PO junction 
distributions and EO distributions of Pluronic P105 and 
diblock impurity strongly supports that the diblock 
copolymers are integrated into the micelles in a way similar 
to that of the Pluronic polymers. The main exception is 
the distribution of the PO segments. Hence, the growth 
of the micellar size, when the diblock copolymers are 
incorporated into the micelles, has to be attributed directly 
to the diblock copolymer having only one PEO headgroup, 
as compared with two for the Pluronic polymers. This 
causes a reduction of the optimal curvature by an 
enlargement of the core without making the repulsion 
among headgroups more severe. 

PPO Impurity. The solubility of the (PO)% ho- 
mopolymer in pure water is small, on the order 4ppo = 
10-5-10-4, and the PPO homopolymer is strongly solubi- 
lized in the micelles. The presence of a PPO impurity 

using a lattice length of 4 w ,11 the area per EO block would 
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Figure 10. Total volume fraction of PPO homopolymer 
(&io) as a function of free volume fraction of the PPO 
homopolymer for an aqueous solution of a PlO5-PPO 
mixture at a total P105 volume fraction of &io5 = 0.0225 at T 
= 325 K (at cmc without PPO; solid curve), q5:io6 = 0.10 at T = 
325 K (above cmc without PPO; dashed curve), and &io5 = 0.10 
at T = 315 K (close to cmc without PPO; dotted curve). The 
solubility of PPO in pure water at T = 315 and 325 K is indicated 
with arrows. 

suppresses the cmc by 5 %  at  325 K and 15% at  315 K at  
the solubility limit of PPO in the aqueous solution of 
Pluronic P105. 

The most interesting aspect of the occurrence of a PPO 
homopolymer is its solubilization in the Pluronic polymer 
micelles. In order to discuss the solubility, it is useful to 
consider the volume fraction of free PPO as an independent 
variable rather than the fraction of the polymer impurity. 
The volume fraction of free PPO is directly related to the 
chemical potential of PPO. 

Figure 10 shows the total volume fraction of PPO as a 
function of the free volume fraction of PPO at (T/K, 
c#$~~,) = (325, 0.0225), (325, 0.10), and (315, 0.10). The 
cases selected would, in the absence of PPO impurity, 
correspond to the cmc, well above the cmc, and close to 
the cmc, respectively (cf. Figure 3). The solubilization of 
PPO causes a dramatic increase of the dissolving capacity 
of PPO in aqueous solution. Since << &$o, almost 
all PPO is solubilized in the Pluronic polymer micelles. 
The total amount of PPO increases nearly exponentially 
with the free PPO concentration, albeit the exponential 
coefficient differs strongly among the cases. Moreover, 
the total amount of PPO increases with temperature a t  a 
constant volume fraction of Pluronic P105 and increases 
strongly with the volume fraction of Pluronic P105 at  
constant temperature. The strong dependence of the 
solubility on the Pluronic concentration is due to both a 
change of the solubilization capacity of individual micelles 
and a change of the micellar number density. At the cmc, 
the dissolving capacity of PPO is restricted since the 
micellar number density is low. A 4-fold increase of the 
total Pluronic P105 volume fraction (from 0.0225 to 0.10) 
a t  T = 325 K enhances the dissolving capacity 
[ ~ ~ ~ ~ ~ ~ p o ( s a t u r a t i o n ) l  200-fold. 

The upper ends of the solubilization curves cease at the 
solubility limit of free PPO (higher PPO volume fraction 
would lead to phase separation). A t  315 K, the solubility 
limit is 4Lp0 = 1.0 X 10-4, which is larger than the 
corresponding limit in pure water 7.7 X 10-5, whereas a t  
325 K and the limits 3.0 X and 2.6 X 10-5 for &'~05 = 
0.0225 and 0.10, respectively, are smaller than the cor- 
responding one in pure water 3.1 X At low tem- 
perature, as in the former case, the solubility limit of free 
PPO is increased since the intermicellar solution becomes 
more hydrophobic by the presence of a small amount of 
Pluronic P105. At higher temperature, the pure Pluronic 
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Figure 11. Fraction of PPO homopolymer (Pic ) in micelles as 
a function of the free volume fraction of the pF8 homopolymer 

for an aqueous solution of a ~105-PPO mixture. Con-, 
ditions and meanings of the curves are as in Figure 10. 
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Figure 12. Effective micellar aggregation number (A@) as a 
function of the free volume fraction of the PPO homoaymer 

for an aqueous solution of a PIO~-PPO mixture. Con- 
ditions and meanings of the curves are as in Figure 10. 

P105 solution becomes less stable with respect to phase 
separation.21 At  325 K, the stability of the pure Pluronic 
P105 solution is sufficiently low that an addition of PPO, 
equivalent to its solubility limit in pure water, causes a 
phase separation. 

Despite the relatively low total volume fraction of PPO 
in the system, &'io I 0.006, the strong solubilization 
makes the polymer volume fraction of PPO substantial in 
the micelles. Figure 11 shows that x g o  (similarly defined 
as ~ $ 6 ~ ~ )  grows rapidly with increasing and at  the 
higher volume fraction at  325 K, up to -7 7% of the micellar 
volume consists of PPO. Also concluded from Figure 11 
is that zFFo depends only weakly on the Pluronic P105 
concentration but strongly on the temperature. At  
&5 = 0.10, a 10 K increase enhances the fraction of PPO 
in the micelles by an order of magnitude (cf. dashed and 
dotted curves). 

Figure 12 displays the effective aggregation number for 
the same conditions as in Figure 11. The intercepts a t  
4bp0 = 0 correspond to the aggregation numbers in the 
absence of PPO. These aggregation numbers increase with 
the total volume fraction of Pluronic P105 and tempera- 
ture, which has been discussed previously.ll The figure 
shows that, a t  the lower temperature, the increase of the 
effective aggregation number with is weak, whereas 
a t  the higher temperature a strong increase is obtained. 
The enlargement of the micelles is due to an increase both 
of the number of P105 polymers and of the number of 
PPO chains per micelle. The increase of the effective 
aggregation number for the two different &;06 at  325 K 
is almost parallel, indicating a micellar growth indepenent 
of q$;05. A comparison of Figures 11 and 12 shows that 
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by solubilization until the solubility limit of the more 
hydrophobic PPO impurity is reached. 

In the experimental situation, the problem with the PPO 
homopolymer impurity should be more easily controlled 
as compared to the PEO-PPO diblock impurity. By 
reducing the temperature to below the cmt, the PPO 
homopolymer should separate out. The effect of the 
remaining volume fraction of PPO is normally too low to 
be significant. 

Hurter and Hatton have in a related work investigated 
the micellization of Pluronic polymers and the solubili- 
zation of naphthalene in the micelles using the same 
theoretical approach.12 They used essentially the same 
interaction parameters for the modeling of water and the 
Pluronic polymers, the main exception being a different 
set of EO-PO interaction parameters. The naphthalene 
was treated as a flexible oligomer. They made a detailed 
comparison of how the solubility depends on the composi- 
tion of the Pluronic polymers and also obtained a strong 
solubilization of the hydrophobic solute in the micellar 
core. Also in agreement with the present results, they 
found that the micellar aggregation number depends very 
weakly on the volume fraction of the Pluronic polymer, 
whereas the increased solubility a t  higher Pluronic polymer 
concentrations was due to an increased number density 
of the micelles. 

Cogan et al. have also performed similar mean-field 
lattice calculations modeling the micellization of PEO- 
polystyrene diblock copolymers in cyclopentane solution.22 
In this system the micellar core, consisting of PEO, may 
solubilize water. Although the individual values of the 
interaction parameters are different, it is, as here, the 
incompatibility between one of the blocks and the solvent 
which is the driving force of the micellization. A com- 
parison between the results of the two model systems shows 
a number of similarities. First, the cmc is reduced and 
the aggregation number is increased upon the addition of 
the solubilizate and the largest effect occurs a t  the 
solubility limit. Also quantitatively similar volume frac- 
tion profiles for the solubilizate are obtained as well as 
similar reduction of the volume fraction of the lyophobic 
block in the center of the core. Thus, on the basis of the 
same mean-field theory but applied to models of different 
experimental system’s, a similar picture emerges. The 
existing quantitative discrepancies are due to  differences 
in interaction parameters, diblock versus triblock copoly- 
mer, and small molecule versus homopolymer as solubi- 
lizate. 

PEO Impurity. The most hydrophilic impurity studied 
is the (EO)37 homopolymer. Within the model, it is 
completely soluble in water at the temperatures considered. 
The presence of a 5 5% PEO impurity causes only a marginal 
effect on the micellization. The cmt curve given in Figure 
3 is shifted upward a few tens of a Kelvin. Similarly, the 
structure of the micelles formed remains almost unaffected. 
The distribution of the additional EO segments is uniform 
in the entire system except for an expulsion from the 
micellar core. For example, at the conditions shown in 
Figure 5, C#JZw,, i+: 0.023 and T = 325 K (dashed curve), 
but with xpEO = 0.05 instead of x& = 0, the volume 
fraction of the EO segments is 2 X in the center of the 
micelle and reaches half its free volume fraction in layer 
9. 

V. Conclusions 
The influence of polymer impurities on the micellization 

of a triblock copolymer consisting of EO and PO segments 
was investigated on the basis of a lattice theory for 
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Figure 13. Total polymer volume fraction (4polymerj) as a function 
of layer number (i) for an aqueous solution of a P105-PPO mixture 
with 4;; = 6.7 X 106 (solid curve) and for an aqueous solution 
of P105 (lashed curve), both with a total polymer volume fraction 
4smer = 0.0225 at T = 325 K. For the mixture, the total volume 
fractions of Pluronic P105 (4p105j) and PPO polymer (&.PO,,) as 
a function of layer number (1 . )  are also shown (dotted curves). 
The selected polymer volume fraction and temperature cor- 
responds to the open square in Figure 3. Inset: Total segment 
volume fraction of Pluronic P105 ( ~ E O ( P I M ) , I  and 4PO(P105).i) (solid 
curves) and of the PPO homopolymer (4po(ppo), i )  (dashed curve) 
as a function of layer number (i) for the aqueous solution of the 
P105-PPO mixture. 

there is a strong correlation between the fraction of PPO 
in the micelle and the increase of the aggregation number. 

Volume fraction profiles for C#JF:05 = 0.0225 at  T = 325 
K with the maximal amount of PPO solubilized, C#J;’o = 
6.7 X lo6, are shown in Figure 13. The micelle consists 
of 38.5PluronicP105polymers and 4.3 PPO homopolymer 
chains, giving an effective aggregation number of 40.3. 
The total polymer volume fraction profiles resemble closely 
those in Figure 5,  which were for the same total polymer 
concentration and tempertaure but with the diblock 
instead of the PPO impurity. However, the total volume 
fraction of the PPO impurity is C#JF’o = 0.067 X as 
compared with = 1.1 X 103, a 17-fold difference. 
The inset of Figure 13 shows that the PO segments of 
Pluronic P105 are similarly partly withdrawn from the 
center of the micelle. As for the diblock case, the 
localization of the PO segments of the PPO homopolymer 
to the center of the core releases stretching free energy of 
the PPO block of the Pluronic polymer. A closer inspection 
of Figures 5 and 13 shows that the PO segments of PPO 
are somewhat stronger localized to the center of the 
micelle, as compared with the PO segments of the PPO- 
PEO diblock copolymer, in accord with the different 
numbers of PEO headgroups. 

The headgroup areas remain virtually independent of 
C#J& and hence also independent of the total amount of 
PPO solubilized (cf. Figure 10). The areas per PEO block 
are ~ 1 5 ,  13, and 23 for (T/K, C # J ~ ~ 0 5 )  = (325,0.0225), (325, 
Os lo ) ,  and (315,0.10), respectively, and thus the headgroup 
area is strongly dependent on the temperature but only 
weakly dependent on the Pluronic P105 concentration. 
The areas are also very similar to those obtained for the 
presence of diblock copolymers a t  the corresponding 
temperatures (cf. Figure 9). 

Thus, again, it is demonstrated that the growth of the 
micelles a t  constant temperture occurs with almost 
constant headgroup area. In the case of the diblock 
impurity, the growth of the micelles is restricted by the 
repulsion among the headgroups; as the micelles become 
larger, the area per headgroup is reduced for geometrical 
reasons. The addition of the diblock impurity just moves 
this limit to larger aggregation numbers. On the other 
hand, with the PPO impurity, the micelles normally grow 
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heterogeneous systems. The inverse temperature behavior 
of aqueous PEO and PPO solutions was taken into account 
by allowing the polymer segments to adopt different states 
depending on the temperature and composition of the 
solution. By this approach, the effective segment-segment 
interaction becomes both concentration and temperature 
dependent. Most of the effects discussed depend critically 
on the existence of a temperature-dependent segment- 
segment interaction. All the interaction parameters 
employed were derived independently in previous inves- 
tigations of the phase diagram of simpler systems, and 
thus no adjustable parameters are present. 

The results show that the presence of diblock impurities 
reduces the critical micellar concentration, or alternatively 
reduces the critical micellar temperature a t  fixed polymer 
concentration. In addition, the micelles become larger 
and there is a preferential aggregation of the diblock 
copolymers. It was found that the EO-PO interface did 
not sharpen in the presence of diblock copolymers. 
Instead, it was concluded that the micellar growth is a 
consequence of the reduction of the number of headgroups 
per PPO block and the growth was limited by the required 
area of the PEO headgroups. 

The presence of PPO impurities also leads to a reduction 
of the cmc. It was found that the PPO homopolymer is 
strongly solubilized in the micellar core. The solubility 
due to solubilization of PPO could be 2 orders of magnitude 
larger than the solubility in a pure aqueous solution, and 
the micelles swell until the solubility limit of PPO is 
reached. The PO segments of the PPO homopolymers as 
well as those of the PEO-PPO diblock copolymer were 
preferentially located in the center of the micellar core. 
Such a location partly releases stretching free energy of 
the PPO block of the triblock copolymer. 

The cmc and the aggregation number are hardly affected 
at  all by the presence of the PEO impurity. The PEO 
homopolymer is dissolved in the solvent and only to a 
smaller extent in the outer EO layer of the micelles. 

The reduction of the cmt due to the presence of diblock 
impurities is not sufficient to match the discrepancy 
between experimentaland theoretical cmt of =2O-30 K.11J3 
If we consider Pluronic P105 and the diblock copolymer 
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as two fractions of a polydisperse component, a 5 '% diblock 
impurity would lead to a polydispersity index of M,/M, 
= 1.005. In view of the fact that this number is considerably 
larger for commercial polymers, it is anticipated that the 
effect of the polydispersity on the micellization is larger 
than the effect of the presence of diblock impurities. 
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