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ABSTRACT The effect of polymer polydispersity on micellization in an aqueous solution of triblock 
copolymers containing ethylene oxide (EO) and propylene oxide (PO) was modeled. A mean-field lattice 
theory for multicomponent mixtures of copolymers with internal degrees of freedom was applied. The 
polydisperse polymer was represented as consisting of several components, and a Schulz-Zimm distribution 
was assumed. The critical micellar concentration (crnc) and the aggregation number number were examined 
for a number of PEO-PPO-PEO polymers at different temperatures and with different polydispersity ratios. 
Segment density profiles indicated the polymer micelles to consist of a hydrophobic core composed mainly 
of PO and an outer layer composed of a mixture of EO and water. The polydispersity led to a reduction in 
the cmc by several orders of magnitude, which brought experimental and calculated data close to each other. 
The precise value of the cmc was found to depend strongly on the criterion of the cmc. The polydispersity 
also led to an increase in micellar size, a greater separation of the EO and PO segments, and a marked decrease 
in micellar size with increasing total polymer concentration. The fractions of the different polymer components 
of the micelles depended strongly on the polymer concentration. Close to the cmc, the micelles were 
predominantly formed by the longest components, which had the lowest cmc. At high polymer concentrations, 
the intermicellar solution became strongly depleted of the long polymer components. The strong temperature 
dependence of the cmc and of the aggregation number was not changed essentially by polydispersity. 

I. Introduction 

In recent years the physico-chemical properties of 
aqueous solutions of triblock copolymers of the PEO- 
PPO-PEO type [PEO and PPO are poly(ethy1ene oxide) 
and poly(propy1ene oxide), respectively] have been the 
subject of a number of investigations, experimentall-ls as 
well as theoreti~al.~g-~5 These polymers are often referred 
to by their trademarks Pluronic, Proxanol, and Synperonic, 
and the term Pluronic will be used here. The Pluronic 
polymers have an amphiphilic character due to the PPO 
block being more hydrophobic and the PEO block being 
more hydrophilic. They are able to self-aggregate in 
aqueous solution and form an isotropic micellar solution, 
but also liquid crystalline and cubic phases have recently 
been reported.9J2J7J8 The properties of Pluronic polymers 
in aqueous solution thus resemble those of nonionic 
surfactants of the alkyl poly(ethy1ene oxide) type. They 
differ from the latter, however, by their solubility de- 
creasing strongly as the temperature increases. As a result, 
a given phase transition can be induced by either an 
increasing/decreasing temperature or an increasing! 
decreasing polymer concentration. 

In addition, the transition from the monomeric state to  
the micellar state in an aqueous solution of Pluronic 
polymers is more gradual than in nonionic surfactant 
solutions. The critical micellar concentrations (cmc's) and 
the aggregation numbers reported for the Pluronic poly- 
mers differ substantially from case to case, however, due 
to polymer impurities318 and to substantial polydisper- 
sity,5>26 both being a consequence of the manufacturing 
process. The aim of the present investigation is to examine 
theoretically the influence of polydispersity on the mi- 
cellization process. The study represents a continuation 
of earlier work on how micellization is affected by the 
polymer composition and structure of block copolymers 
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containing EO and PO,21 as well as by the presence of both 
PEO and PPO homopolymer and of PPO-PEO diblock 
copolymer impurities.25 Closely related is also earlier work, 
involving the same theoretical approach, on the phase 
behavior of aqueous solutions of different Pluronic 
polymers.24 Hurter et  al. have employed this approach 
too in studying the solubilization of small hydrophobic 
molecules in Pluronic micelle~.~3 

It was found in two of the earlier s t ~ d i e s ~ l ~ ~ ~  that the 
predicted criticalmicellar temperature curves were located 
-20-30 K above the experimental ones and, moreover, 
that micellization could not be predicted for a short 
polymer of the Pluronic family. It was suggested that the 
presence of polydispersity, in particular, and also of 
impurities in the experimental samples could be the cause 
of those discrepancies. In ref 25 it was found that the 
impurities indeed reduced the cmc, or alternatively, the 
critical micellar temperature (cmt), but that the effect 
was smaller than the discrepancies just referred to. As 
will be shown here decisively, polydispersity has a stronger 
influence on the cmc than impurities do. A polydispersity 
ratio of 1.2 can cause a reduction in the cmc by several 
orders of magnitude. 

In addition to considering Pluronic polymer systems as 
such, the present study examines the general phenomenon 
of the preferential self-aggregation of different polymer 
fractions in polydisperse polymer samples. A thermody- 
namic theory presented by Gao and EisenbergZ7 is ap- 
plicable here. Selective behavior of a sort similar to that 
described has also been predicted for adsorption on solid 
s u r f a c e ~ . ~ ~ ~ ~ 9  

The theoretical approach used here is based on a lattice 
theory for heterogeneous systems, developed initially by 
Scheutjens and Fleer30 and later extended to apply to 
micelle formation31 and to polymers possessing internal 
degrees of freedom.32 This approach provides a formalism 
allowing temperature and concentration dependent in- 
teraction parameters to be obtained using a conformational 
model originally developed by Karlstrom.33 Such a polymer 
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model has been used successfully for describing the inverse 
temperature behavior of aqueous solutions of PEO and 
related polymers (for which a worsening of the solvency 
condition o c c w  when the temperature increases, this often 
leading to phase separation). The conformational model 
accounts for the fact that the various conformations of 
ethylene oxide groups differ in their dipole moments and 
that polar conformations are infrequent among them. The 
conformations that occur can be divided into two classes 
or states, one more polar and of lower energy level, the 
other less polar (referred to as nonpolar) and of higher 
statistical weight. At low temperatures the former class 
dominates, the effective polymer-solvent interaction being 
favorable, whereas a t  higher temperatures the latter class 
becomes more important, making the polymer-solvent 
interaction more unfavorable. An increase in the polymer 
concentration also makes the effective polymer-solvent 
interaction more unfavorable. 

The paper is organized as follows. The theory basic to 
the heterogeneous lattice model for polymers with internal 
degrees of freedom is outlined briefly in section 11, in which 
an account is also provided of the thermodynamic model 
which applies to micellization. Section I11 deals with the 
polymer model and with the interaction parameters used 
in the investigation. In particular, extension to the 
polydisperse case is discussed, and two cases of polydis- 
persity are considered, one a case of mass polydispersity 
with a constant EO/PO composition and the other a case 
of independent polydispersity of the different blocks. In 
both cases the polydisperse polymer is considered as 
consisting of components of differing length (and com- 
position). In section IV, calculated results are presented. 
Considered there initiafly is the convergency of the 
polydispersity expansion. Results concerning the micellar 
structure, the temperature dependence, and the polydis- 
persity dependence of the micellization of Pluronic P105 
occurring in aqueous solution are then presented. There- 
after, the effects of the mass and composition polydis- 
persity of Pluronic P105 are examined. The final parts 
of section IV deal with the polydispersity of a reversed 
Pluronic polymer, of Pluronic L64, and of F127. The 
paper ends with section V, which presents a summary of 
the major conclusions. 

11. Theory 
The conditions for the existence of (locally) stable 

micellar aggregates, as well as the size and structure of the 
micelles, were examined using a lattice theory for mul- 
ticomponent mixtures of copolymers with internal degrees 
of freedom.32 Since the theory employed here and the set 
of interaction parameters used are the same as in the 
previous investigations of micellization of Pluronic poly- 
mers,21 these matters will be dealt with only briefly here, 
except for the discussion in some detail of how the theory 
has been adapted for calculations concerning multicom- 
ponent micelles. For a more detailed description of the 
lattice theory used, see, e.g., refs 30-32. 

The space is divided into concentric shells, and each 
shell is further divided into lattice cells, one polymer 
segment or a solvent molecule contained in each. The 
conformations of a polymer chain are described as random 
walks on the spherical lattice; see Figure 1. Interactions 
are regarded as extending only to segments or solvent 
molecules in adjacent lattice cells. The random-mixing 
(mean-field) approximation is applied within each layer 
separately, making it possible to obtain radial concentra- 
tion profiles. 

The computations involve the self-consistent determi- 
nation of state distributions (Le,, the distributions of the 
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Figure 1. Two-dimensional illustration of an infinite sherical 
lattice and a micelle composed of four triblock copolymers, 
B&Ba. 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 unfavorable contacts between the hydrophobic 
segments and the solvent (unfilled lattice cells). 

polar and nonpolar states of the EO and PO species in 
each layer) and segment distributions (i.e., the radial 
distribution of each polymer segment and of the water 
molecules). The state distribution, derived from the 
partition function, is given by the following implicit set 
of nonlinear equati0ns3~ 

valid for all species (EO, PO, and water, collectively labeled 
A), states (polar and nonpolar conformation in the case 
of EO or PO, collectively labeled B), and layers (i). In eq 
1, P m i  denotes the fraction of species A in layer i which 
is in state B, Urn is the internal energy of state B of species 
A (arising from the difference in internal energy between 
the polar and nonpolar conformations), gm is the degen- 
eration factor of state B of species A (arising from the 
difference in the numbers of polar and nonpolar confor- 
mations), XBB~, is the Flory-Huggins interaction parameter 
representing the interaction between species A in state B 
and species A' in state B', and 4~ is the volume fraction 
of species A in layer i. Moreover, B = (kn-1, where k is 
the Boltzmann constant and T the absolute temperature. 
The angular brackets indicate an averaging over three 
adjacent layers. Thus, a given state is favored by high 
degeneration, low internal energy, and favorable interac- 
tion (small x) with its neighboring segments. 

The species volume fraction 4Ai needed in eq 1 is directly 
related to nxsi, the number of sites in layer i occupied by 
segments of ranks (the 5th segment in the chain) belonging 
to component x ,  in accordance with 

where L i  is the number of sites in layer i and rx is the 
number of segments in component x .  The Kronecker delta 
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selects only segments of ranks of component x if they are 
of type A. The components considered in the present 
investigations are water and the polymer components 
which represent the polydisperse Pluronic polymer. 

The expression for the segment distribution is more 
complex, since the correct weight of all conformations, as 
well as the connectivity of the chains, has to be taken into 
account. Again, starting with the partition function, nrsi 
is obtained using a matrix method and is given by3* 

Sfl 8 

where C, is a normalization factor related to the bulk 
volume fraction of component x ,  Wt(,$) is a tridiagonal 
matrix comprising elements which contain factors de- 
scribing the lattice topology as well as weighting factors 
for segment of ranks belonging to component x ,  and p(x,l) 
is a vector describing the distribution of the first segment 
of component x among the layers, P and s being 
elementary column vectors. In the present study, a 
hexagonal lattice involving 12 nearest neighbors has been 
selected. 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’i + UAi 

by 

The species independent term u’i ensures that the space 
is completely filled in layer i if a suitable choice is made 
of a i ,  u’; being related in a continuous model to the lateral 
pressure. 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 cor- 
responding 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. At  distances far from 
the center of the aggregate, P u i  approaches PiB, +Ai 

approaches cji, and hence ut;  becomes zero. Since U A ~  is 
needed for obtaining +Ai using eqs 2-4, and since U A ~  
depends in turn on 4 ~ i  according to eqs 5 and 6, eqs 2-6 
need to be solved self-consistently. In addition, the state 
distribution, which enters in eq 6 and depends on + ~ i ,  has 
to fulfill eq 1. 

The solution of eqs 1-6 has two branches, one cor- 
responding to homogeneous concentration profiles being 
formed throughout the lattice and the other to a single 
micelle, formed at  the center of the lattice and in 
equilibrium with specified bulk concentrations of the 
components. The free energy of forming the micelle at a 
fixed position, A‘, is obtained 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 21. At equilibrium A V O )  is 
balanced by a negative mixing entropy kT In (VJV,), 
where V,  is the volume of the micelle and Vu is the volume 
of a subsystem containing one micelle and its accompany- 
ing solution. The micellar volume is approximated by 

F’ n 
(7) 

where the prime restricts the summation to the polymer 
components, which constitute the micelle, and rx. is the 
excess number of segments of component x in the 
subsystem (given by eq 16 in ref 21). The total volume 
fraction of component x in the subsystem (equal to the 
stoichiometric concentration of x in the micellar solution) 
is the sum of the excess and bulk volume fractions 
according to 

For a selected bulk composition {&, the numerical 
procedure involves the computation of the equilibrium 
state and segment distributions according to eqs 1-6, 
whereupon the excess free energy of the subsystem, A‘, as 
well as the set of excess numbers of segments of the 
components (I’x), are calculated. Subsequently, eq 7 
provides the micellar volume which together with A“ and 
the requirement of equilibrium gives Vu. Finally, the total 
composition ($ft) is obtained from eq 8. Any change in 
the bulk composition (4:) leads to a change in the total 
composition. The desired {$ft], which for the polydis- 
perse case will be discussed further in the following section, 
was efficiently obtained by varying {$:I, using a Newton- 
Raphson scheme. 

The aggregation number of a micelle formed by a 
monodisperse polymer is given in simple terms by Negg = 
I’po!per/rpolymer, Le., the excess of the polymer segments 
divlded by the number of segments of a single chain. In 
the case of a polydisperse polymer, an effective aggregation 
number is defined by 

(9) 

where ( rpolper)n is the number-averaged number of 
segments. Thus, Nzg is the aggregation number of the 
micelle that would be noted if the occurrence of polydis- 
persity were unknown. 

In the following, the bulk volume fraction of component 
x, #:, will be referred to as the free volume fraction of 
component x ,  cjp, and the excess amount as the amount 
being aggregated. 

111. Polymer Model 
Polymers. Pluronic polymers with a broad range of 

total mass and of EO/PO ratios are available commercially. 

pol p e r  

( rpo1ymer ) n 
w:g = 
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Table 1. Trademark' and Composition of Each of the 
Pluronic Block Conolvmers Studied 
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Table 2. Internal State Parameters (UAB and $As) and 
Flory-Auggins Interaction Parameters (xes,) of the 

Theoretical Model (Eneror in kJ mal-') 

BASF Wyandotte Chemical Carp. Data from manufacturer. 

PEO PPO PEO 

L 64 m 
P105 - 
F127 1 I 

Tnbloek ..IcI 

gure 2. Schematic illurtration of the molecular structure of 
Q Pluronic PI05 triblock copolymer and the impurities that 
!re studied. The PEO blocks are represented by open areas. 
id the PPO blocks. by shaded areas. The length of each area 
proportional to the number of monomers in the hlock 

(The EOIPO ratio will he referred to in the following as 
the composition of the polymer.) The synthesis procedure 
leads, however, to the formation of homopolymers and 
dihlock copolymers (referred to as impurities) as well as 
to specific mass and composition distributions of the 
desired trihlock copolymer. Aqueous solutions of Pluronic 
L64, P105, and F107 are used here to investigate theeffects 
of polydispersity. In addition, a reversed Pluronic poly- 
mer, Le., a triblock copolymer having a central PEO hlock 
and PPO blocks a t  the ends, of the same composition as 
Pluronic P105, is investigated. Table 1 gives the com- 
position of the Pluronic triblock copolymers, and Figure 
2 indicates schematically their molecular structure. Plu- 
ronicP105andF127 wereselectedsincemodelcalculations 
for aqueous solutions of these polymers (neglecting the 
polydisperity in the model) have already been per- 

It was found in one of the previous 
investigationsz1 that micelles of monodisperse Pluronic 
L64 polymers were not predicted by the model. In the 
present study it will be shown that polydisperse Pluronic 
L64should indeedformmicelles,as hasalso heenobserved 
experirnentally,3f+8.'6 

Interaction Parameters. In order to carry out the 
calculations, parameters describing the interaction among 
the species and the state equilibriums have to be specified. 
The internal state energy, Urn, and the degeneration,gAB, 
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 compiled in Table 2. All of them 
were determined earlier for simpler systems (for binary 
P E O l ~ a t e r ? ~ . ~  binary PPO/water,3z and ternary PEO/ 
PPO/water solutions35) through fitting calculated phase 
diagrams to experimental ones. Therefore, in the present 
study there are no adjustable parameters. The set of 
parameters is the same as in the earlier investigations 
concerning the micellization of block copolymers contain- 
ing EO and PO:' the phase behavior of Pluronic polymers 
in aqueous solution,2' and the effect of polymer impurity 
on the micellization of Pluronic p0lymers.~5 

Polydispersity Model. Theoretical considerations 
indicate that the polymerization of a homopolymer from 
cyclic monomers with a fixed number of initiators gives 
a Poisson-distributed number (n) d i~ t r ibu t ion .~~  The 
polydispersity expressed by the ratio of the mass to the 
number average of the molecular mass becomes then MJ 

state no. s~ecies  state U A R  R&R 

1 water 0 1 
2 EO polar 00 10 
3 nonpolar 5.086' 80 
4 PO polar 0' 1' 
5 nonpolar 11.5' 60' 

kTuaw 
state no. 2 3 4 5 

1 0.6508' 5.568O 1.7' 8.5' 
2 1.266O 1 8  3.ff 
3 0.5* -2.ff 

state no. 2 3 4 5 

1 n.fisnu0 5.SfiRO 1.7' 8 .9  . .... ..... .. 
2 1 2fifia 1 .RC 3.w - 
3 

... ... 
0.5* -2.ff 

4 1.4' 

From the tit to the experimental data of the binary PEO/water 
phasediagram(seerefs33and34). ' From the fittotheexperimental 
dataofthe binaryPPO/waterphasediagram (seeref 32). From the 
fit to the experimental data of the ternary PEOIPPOiwater phase 
diagram (see ref 35). 

M .  = 1 + (r)"/(l + (r)dZ, where (r). is the n-averaged 
number of segments. For (r). = 50, which is the case 
here, one obtains MJM. = 1.02. However, the polydis- 
persity in real situations is larger, a t  least 1.2, and the 
distribution is generally not well-known. Therefore, and 
for reasons of simplicity, all polydispersity calculations 
have been made by assuming a Schulz-Zimm distribution. 
In a recent work, Hecht used gel permeability chroma- 
tography to determine the polydispersity distribution of 
Pluronic F127, manufactured by BASF, Wyandotte Chemi- 
cal Corp." Hechtobtained a mass distribution resembling 
a Schulz-Zimm distribution but truncated a t  high masses. 
Using his measured distribution, a polydispersity ratio of 
1.4 was obtained. 

The Schulz-Zimm distribution is normally expressed 
using two parameters related collectively to the average 
and the width of the distribution." In the present case, 
it is more convenient to consider the distribution of a 
reduced number of segments, x r/(r)". where r is the 
number of segments and (r)" the n-averaged number of 
segments. The fraction of polymers having between r and 
r + dr  segments, Pn(r)dr, and the fraction of polymer 
segments that are in polymers having between r a n d  r + 
dr segments, Pm(r)dr, become P.(x)dx and P,(x)dx, 
respectively, where 

Pm(x) = kkcl xk exp(-kx)/I'(k + 1) = xP&) (10h) 

using the normalization expressions l,"P,(x) dx = 1 and 
J,"P,(x) dx = 1, and using ( x ) .  = 1. The parameter k 
describing the width of the distribution is related to the 
standard deviation of P&), u. [u: = 5," ( x  - l)*P,(x) dxl, 
by 

k = (on)-' (11) 

Alternatively, k can be expressed in terms of the poly- 
dispersity ratio as 

Thus, thesmaller the k, the widerthedistrihution becomes. 
Most calculationawere performed forMdM, = 1.2, Figure 
3a indicating the corresponding number and mass dis- 
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0.5 

0.0 u 
0 1 2 3 

X 

Figure% Schulz-Zimmdistrihution function usedfordescribing 
polydispersity. P(x) denotes the probability ofx 1 r/ (r)n, where 
r is the number of segments in a polymer (or a block) and (r)" 
the n-average number of segments of the polymer (or the block). 
(a) Number and massdistributions,P.(x) andP.(x),respectively, 
versus x for a polydispersity ratio of MJM. = 1.2. (b) Mass 
distribution P J x )  versus x for MJM. = 1.1, 1.2, and 1.3. A 
five-point discrete representation of P.(x) is shown in (a). The 
pointswereselectedwithconstantspacinginxwith ( x ) = =  land 
in a manner such that the same polydispersity as for the 
continuous representation was obtained. 

tributions. Some calculations werealsoperformedforM,J 
M. = 1.1 and 1.3, the corresponding mass distributions 
being given in Figure 3b. 

A Pluronic polymer contains three blocks. If one 
assumes the blocks to be indepdentof each other, as regards 
the number of segments in each, there is in fact a three- 
dimensional polydispersity. In the model calculations, 
two different cases were examined. In the first, involving 
most of the calculations performed, the composition was 
held constant (fixed EO/PO ratio), only the total mass 
being allowed to vary. This situation is not fully realistic 
for real Pluronic polymer solutions. However, the com- 
putations are considerably simplified, and this less realistic 
model also enables one to investigate the effect of the 
sampling density on the Schulz-Zimm distribution (see 
below). In some cases, the number of segments in each 
block was varied independently, thus modeling mass and 
composition polydispersity. 

The mass polydispersity was represented by treating 
polymer molecules with different numbers of segments as 
differentcomponents (cf. Figure4a). The reducednumber 
ofsegmentsofcomponentj,xj,anditsrelatedmassweight, 
wj, were taken from the Schulz-Zimm distribution. Given 
the number of components, Np, and the set {xi, j = 1,2, 
..., Np}, the weights were calculated according to wj = 
Pm(xj)/~~:lPm(xj). For the polydispersity case in which 
Np 2 2, the members of the set { x j }  were selected in 
increasingordersuchthat(x).= landxj-xj.1 =constant, 
j = 2, ..., Np, and that they yielded the desired polydis- 
persity ratio Mm/Mn. The selection of { x i }  required an 

Mass polydispersity (4 - 
t 
+ 

I I I 
+ 

I I 

3 cOmponenle 

Mass and composition polydispersity (b) - + 

I 27 cOmpOnenls 

Figure 4. Illustration of the representation of polymer poly- 
dispersity in the model: (a) mass polydispersity and (h) mass 
and composition polydispersity. The polydisperse polymer is 
represented in (a) by several polymer components of equal 
composition and in (h) by a combination of blocks belonging to 
three different sets, each ret representing a polydisperse PEO or 
PPO block. PluronicP105was employed. A polydispersity ratio 
of MJM. = 1.2 and Np = 3 were selected, and the lengths of the 
blocks are correctly scaled. The PEO blocks are represented by 
open areas and the PPO blocks by shaded areas. 

iterative process. For the monodisperse case in which Np 
= 1, it is obvious that x = 1, so that r = (r). was used. 
Table 3 gives the relative numbers of segments and the 
mass weights of the components employed in describing 
a polydisperse polymer for which MJM. = 1.2 and Np = 
2, ..., 5. In Figure 3a, the {xi} obtained for Np = 5 is shown 
graphically. 

The final numbers of EO and PO segments of the 
polymer components are obtained by multiplying x j  by 
(rE0)" and (rpo)". identified as a and b, respectively, in 
the formula (EO).(PO)b(EO). in Table 1. Thus, the data 
from the manufacturer are treated as being n-averaged. 
(The manufacturer did not provide further detailed 
information when requested.) In the case of a mass 
polydispersity withMJM, = 12andrepresented by three 
polymer components, the components of Pluronic P105 

(EO)ss(PO)lw(EO)~ having mass weights of0.0783.0.7041, 
and0.2176, respectively. In tbecomputations, thevolume 
weights were taken to be equal to the mass weights. 

For mass and composition polydispersity, the numbers 
of segments in each block were varied independently, the 
procedure as just described being applied to each block 
separately, the Np taken being the same for each block (cf. 
Figure 4b). This yields (Np)3 number of components, but 
the inversion symmetry of the polymers reduces the 
number to (Np)2(Np + 1)/2 distinguishable polymer 
components. 

The results for the mass polydisperse polymers and for 
the mass and composition polydisperse polymers at the 
polydispersity ratio selected were roughly the same, 
differing considerably from the results for the monodis- 
perse polymers. Hence, only a few results for mass and 
composition polydisperse polymers will be given, the 
presentation dealing primarily with the effect of mass 
polydispersity. The latter will in most cases be referred 
to simply as polydispersity. 

would be (EO)LZ(PO)IB(EO)IZ. (EO)&'O)dEO)@, and 
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Table 3. Relative Number of Segments, xft and Weights, wb of the Np Polymer Components Describing a Polydisperse 
Polymer for MJM,  = 1.2' 

(Xi, Wj) 

N P  j = 1  j = 2  j = 3  j = 4  j = 5  
1 (1.o0o,l.oooo) 
2 (0.299,0.0867) (1.286,0.9133) 
3 (0.328,0.0783) (1.093,0.7041) (1.859,0.2176) 
4 (0.327,0.0624) (0.966,0.5747) (1.605,0.2978) (2.245,0.0651) 
5 (0.317,0.0482) (0.872,0.4714) (1.427,0.3452) (1.981,0.1114) (2.536,0.0239) 

o x : . = r .  I - ,/ ( r ) ,  where rj is the number of segments of component j and wj is its mass weight. ( r ) .  denotes the n-averaged number of segments 
and Np the number of polymer components. 

-1 I I I 

-5 1 , , ,;, 1 ' 'u 1.2 

-6 
100 200 300 400 

INP 

Figure 5. Polymer volume fractions (#F6) (solid curves with 
open squares) and the volume fractions ofthe longest polymer 
component (47; ) (dashed curves with open squares) at the cmc 
versus the numb&r of segments of the longest polymer component 
( r ~ ~  xNP(rplm).) for an aqueous solution of Pluronic P105 with 
polydispersity ratios of MJM,, = 1.1 and 1.2 at T = 320 K. The 
symbols denote calculated points and the curves are fitted 
polynomials for increased readability. The largest number of 
components are Np = 8 and 5, respectively. Also displayed is the 
polymer volume fraction at the cmc for aqueous solutions of 
monodisperse triblock copolymers of the same composition as 
Pluronic P105 versus the number of segments of the triblock 
copolymer (dotted curve). The filled square denotes the result 
for monodisperse Pluronic P105 ( r ~ ~  = 130). 

IV. Results and Discussion 
Component Expansion. The polydisperse Pluronic 

polymer is represented by several polymer components 
which have different numbers of segments, their composi- 
tion also differing in some cases. The convergence of some 
quantities with an increase in the number of polymer 
components, Np, will be examined initially for solutions 
of Pluronic P105 of fixed composition at  T = 320 K. 

The model predicts that polymer micelles will be formed 
at  a certain polymer concentration, the cmc, when the 
polymer concentration is increased to this point from 
2 e r 0 . ~ ~ - ~ ~  Figure 5 shows, for polydispersity ratios M J M ,  
= 1.1 and 1.2, the total polymer volume fraction at  the 
cmc, $:?&, and the volume fraction of the polymer 
component with the largest number of segments, 4;;; 
(=wN 4:yi5) as functions of the number of segments in t h l  
longgst component, rNp. Also given in Figure 5 ,  for the 
total number of segments as shown on the abscissa, is the 
cmc for a monodisperse polymer solution where the 
polymer has the same composition as Pluronic P105. 

Consider first the case of Mm/Mn = 1.2. A comparison 
of monodisperse (the filled square at  Np = 130) and 
polydisperse Pluronic P105 (the solid curve labeled 1.2) 
shows the crnc to be reduced by several orders of magnitude 
as the polymer becomes polydisperse. Moreover, the crnc 
for the polydisperse case appears not to converge as Np 
(and hence rNp) increases. Why is it so? The complete 
agreement between 4;:; for the polydisperse model (the 

dashed curve labeled 1.2) and the crnc for the monodisperse 
model in which the polymer has a total number of segments 
equal to the number of segments of the longest component 
of the polydisperse model (dotted curve), indicates it to 
only be the aggregation properties of the longest compo- 
nent which determine the crnc for the polydisperse model. 
Clearly, 4byi5 decreases with increasing Np since XN , and 
hence the number of segments of the longest pofymer 
component, rNp = X N ~  ( rrn ,  increases with Np (cf, section 
I11 and Table 3). 

The analysis can be continued one step further. Let 
the logarithmic behavior of c#$;ip observed (the dashed 
curve labeled 1.2) be expressed as 

which means that the logarithm of the volume fraction of 
the longest polymer component of the polydisperse model 
decreases linearly a t  crnc with the increasing number of 
segments in the longest component. Equation 10b shows 
that, for the limiting case of a large x and a small k, the 
weight of the components decays exponentially with x ,  
Le., Pm(x) exp(-kx). Thus, for a solution of a polydis- 
perse polymer we obtain to the leading order 

Combining eqs 13 and 14 gives 

which indicates how the volume fraction of the polymer 
at  the crnc depends on the number of segments in the 
longest component and on the degree of the polydispersity. 
Equation 15 shows that for k / ( r ) n  < a ,  Le., when the 
polydispersity is sufficient, the crnc decreases without limit 
as rNp increases. Thus, under the assumption that the 
logarithmic relationship presented in eq 13 is valid for 
larger Np than investigated here, the exponential tail of 
the polydispersity distribution given in eq 10 and shown 
in Figure 3 should cause the crnc to approach zero. 
However, for apolydispersityratio MJMn< 1 + l / ( a ( r ) &  
the exponential tail would be sufficiently limited in the 
range to give anonzero cmc even when Np becomes infinite. 
Using the data for Mm/Mn = 1.2 given in Figure 5, one can 
estimate the crossover to occur a t  MJMn c 1.16. 

For a polydispersity ratio of MJMn = 1.3, the logarithm 
of 4:!& also decreases linearly with Np but with a larger 
slope, and 4;;; versus Np agrees completely with that for 
M J M ,  = 1.2 h o t  shown). Hence, for MJMn = 1.3 as 
well, the longest component determines the cmc, which is 
expected since the weights of the longer components 
increases as the polydispersity increases. In contrast, for 
a polydispersity ratio of MJMn = 1.1, +$!& appears to 
converge, albeit slowly, as Np increases (see Figure 51, and 
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effective aggregation number peaks, the effective aggrega- 
tion number has essentially converged with respect to Np. 

Along with the total polymer volume fraction at the 
cmc, the micellar volume fraction a t  the cmc is likewise 
important for the discussion below. Figure 6b displays 
@;i5 as a function of the total polymer volume fraction 
under the same conditions as before. At a high total 
polymer volume fraction most of the polymers are ag- 
gregated into micelles, whereas a t  lower volume fractions 
only a small fraction of the polymers are aggregated (note 
the double-logarithmic scale). Again, one can note that 
for &iO5 > 1,5&yi5 the curves for Np = 3-5 superimpose 
upon each other. Thus, the segment 2 1.5@:?&, of 
the curves ( N ,  1 3) should correspond to the converged 
micellar volume fraction. Regarding the cmc discussed in 
Figure 5, the data in Figure 6b suggest that (under the 
present conditions here) the micellar volume fraction at 
the cmc approaches zero as more and more of the 
exponential polydispersity tail is included (Np - a), as 
expected. For a solution of a monodisperse polymer, the 
present theory gives a finite micellar volume fraction at  
the cmc (cf. the left end of the dashed curve in Figure 6b 
and also refs 21 and 31). 

One can already conclude, therefore, that polydispersity 
has a strong influence on micellization. Although a 
continuous polydispersity distribution is represented by 
a discrete one involving only a limited number of com- 
ponents, the results show that for M m / M n  = 1.2 the 
quantities predicted for &?io6 2 1&$,?;6 converge (Np L 
3). For a sufficiently high degree of polydispersity, 
&?t5 decreases logarithmically with increasing Np' By 
increasing Np, one is then able to probe arbitrary small 
polymer volume fractions, and by supplying a micellar 
volume fraction as a criterion of the cmc (further described 
below), one can determine the cmc. As shown in the 
following, one can also investigate how the size and 
structure of the micelles depends on, e.g., the temperature, 
the concentration, the degree of polydispersity, and the 
composition of the Pluronic triblock copolymers. For small 
polydispersity, the model gives a finite cmc dust as for a 
monodisperse polymer) which may be either smaller or 
larger than the detection limit supplied. 

Finally, Wanka et al. have found experimentally that 
the logarithm of the cmc is proportional to the number of 
PO segments present when the number of EO groups is 
~ 0 n s t a n t . l ~  Figure 5 (dotted curve) shows that the 
logarithm of the cmc is proportional to the total number 
of segments a t  constant EO/PO composition. However, 
since the main effects arise from the number of PO 
segments, the two observations are very similar. Such a 
dependence of the cmc on the number of methylene groups 
is also typically found for a low molecular mass surfactant 
of the alkyl poly(ethy1ene oxide) type in aqueous solution.38 
Otherwise, in particular in the case of block copolymers 
in organic solvents, no such proportionally is found 
generally.39 

Pluronic P105. Mass Polydispersity. (a) Micellar 
Structure. How the mass polydispersity affects micellar 
structure will now be examined in greater detail, using 
Pluronic P105 with a mass polydispersity ratio of Mm/Mn 
= 1.2 a t  320 K. 

I t  was concluded previously that it is the properties of 
the longest component(s) that determine the cmc. Thus, 
it  can be anticipated that the volume fractions of the 
different components of the micelle (referred to as the 
micellar composition) differ from the overall composition. 
Figure 7a shows the fraction (by volume) of each polymer 
component as a function of the total polymer volume 
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Figure 6. (a) Effective micellar aggregation number (P:) and 
(b) micellar volume fraction (c#J$&,) versus the total polymer 
volume fraction (p) at T = 320 K for an aqueous solution of 
polydisperse (soli curves) and monodisperse (dashed curve) 
Pluronic P105. The polydispersity ratio is M,f M ,  = 1.2, and the 
curves for the polydisperse system are labeled with the number 
of polymer components, N,,, representing the polydisperse 
polymer. In (a) the volume fraction at the left end of each curve 
corresponds to the cmc of the model system. In (b) the symbols 
on curves 3-5 denote the total polymer volume fraction where 
Pff displays its maximum. The vertical difference between 
&.105 (dotted curve) and &?;& represents the volume fraction of 
free polymers 

4cmc decreases faster (as compared with Mm/Mn = 1.2). 
$i%, for Mm/Mn = 1.1 both observations demonstrate 
the fact that it is not exclusively the longest component 
which determines the cmc, this supporting the analysis 
presented. 

Figure 6a shows the effective aggregation number as a 
function of the total polymer volume fraction for a 
polydisperse Pluronic P105 for which Np = 1, ..., 5 and 
M m I M n  = 1.2. The left end of each curve corresponds to 
the cmc obtained from the model. The solution of the 
polydisperse polymer in which Np I 3 has a prominent 
feature; viz. the effective aggregation number increases 
with the total polymer volume fraction when this is slightly 
above the cmc (&& 5 1.54$z5), whereas for higher 
volume fractions (@io5 2 1.5@'&) the effective aggrega- 
tion number decreases, the maximum being reached at 
&'~05 7 1.5~#$~~~. Moreover, there is a weak oscillation 
which is superimposed on the decrease, the number of 
oscillations increasing with Np. Disregarding for the 
moment the initial rise and the weak oscillations at  the 
higher volume fractions (which are both consequences of 
the discrete representation of the polydispersity distribu- 
tion), the results for Np = 3-5 appear to overlap each other 
reasonably well. Thus, one is tempted to conclude that 
a t  polymer volume fractions larger than that at which the 

tF 
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solution becomes progressively enriched in the shorter and 
deprived in the longest polymer components. Thus, at 
high concentrations the composition of the free polymers 
differs strongly from that a t  the cms at which the 
composition is close to the stoichiometricone. The volume 
fraction of free polymers (the top curve in Figure 7b) 
displays a steady increase as the total polymer volume 
fraction increases. This differs markedly from the case of 
a monodisperse polymer, in which the free polymer volume 
fraction is nearly constant above the cmc (see Figure 3 of 
ref 31 and Figure 6 of ref 21). A similar but less prominent 
difference between polydisperse and monodisperse poly- 
mers was obtained by Gao and Eisenberg using a ther- 
modynamic model for mixed micelles that was applied to 
polydisperse polymers.27 

On the basis of the theoretical approach employed, the 
radial volume fraction profiles of the EO and PO segments 
can be obtained using eq 2. Figure 8a shows these profiles 
for a polydisperse polymer at  &'to5 = 0.0005 and 0.05, and 
for a monodisperse polymer at  &'to5 = 0.05. In all three 
cases, the PO segments tend to be located at  the core of 
the micelle and the EO segments in an outer layer. This 
is what one would expect as a result of solvency, since 
PPO is more hydrophobic than PEO. A comparison of 
the two models shows that the larger micelles formed in 
the polydisperse model are essentially due to the more 
extended central core involved, whereas the shapes of the 
density profiles of the outer regions are similar in the two 
cases. For the polydisperse model, growth of the micelle 
upon a reduction in the total polymer volume fraction is 
accompanied by a larger core region and by a more 
extended outer region. In the polydisperse model, the 
EO/PO separation becomes stronger, particularly a t  the 
lower total polymer volume fraction where the micelle is 
larger. For the monodisperse model, the EO/PO separa- 
tion decreases when the total polymer volume fraction 
becomes less. 

The volume fraction profile of each component in the 
polydisperse model is shown in Figure 8b. The figure shows 
in a more detailed way how the composition of the micelle 
changes with the total polymer volume fraction. At  the 
lower concentration (solid curves), the longest component 
in the micelle clearly dominates, whereas at the higher 
concentration the micelles are largely formed of the more 
abundant middle components (cf. Figure 7a). In addition, 
a comparison of components 2-5 at &?to5 = 0.05 shows 
that the longer components are preferentially located at  
the core, whereas the shorter ones tend to be further out 
and their volume fraction profiles even display a maximum 
(the dashed curves labeled 2 and 3). 

The model calculations also provide information on the 
spatial location of the EO-PO junctions of the different 
components (cf. eq 3). Figure 8c shows the volume fraction 
profiles of the EO-PO junctions of the monodisperse and 
polydisperse models a t  @to5 = 0.05. As can be seen, the 
locations of the maxima of the profiles for the different 
components superimpose upon each other a t  i = 10.1. Also 
after the contribution of the free polymers has been 
subtracted, the junction profiles of the aggregated polymers 
are nearly proportional to each other. 

Thus, from Figure 8b,c it can be concluded that chains 
of equal composition but of differing length are accom- 
modated in the micelle in such a way that the EO-PO 
junctions of the different chains have similar radial 
distributions. This results in a maximum in the volume 
fraction profile of the shorter components through making 
it unlikely that the PO loops of the smaller chains will 
reach the center of the micellar core. Similarly, the outer 
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Figure 7. (a) Fraction of each polymer component in the micelle 
(.rc*') and (b) free volume fraction of each polymer component 

aqueous solution of polydisperse Pluronic P105 at 328 K. The 
polydispersity ratio is M$M, = 1.2 and Np = 5, the curves being 
labeled regarding the number of the component, j .  In (a) 3cY = rj/& ry, where rj is the number of segments of polymer 
componentj being aggregated. z p  is too small to be visible, and 
the overall volume fractions are shown by the symbols on the 
right ordinate. In (b) the sum of the free volume fractions of the 
components, &&, is also given (curve labeled "sum"). 

fraction. The figure clearly demonstrates the successive 
change in the major component as the volume fraction 
increases. Close to the cmc, almost 90% of the total 
polymer volume in the micelle consists of the longest 
polymer component. Even at  the highest total polymer 
volume fraction, &to5 = 0.2, the micellar composition has 
not yet reached the overall composition of the system. 
The smallest component, j = 1 (cf. also Figure 31, is too 
short to participate in the aggregation. 

It is this change in the micellar composition and the 
finite number of components included in the model which 
cause the undulations in the effective aggregation numbers 
shown in Figure 6a and the weaker undulations in the 
micellar volume fraction in Figure 6b. The number of 
maxima increases with Np, but the amplitude decreases 
as the difference in the length of adjacent components 
decreases. In a real system, the polydispersity distribution 
is for all practical purposes continuous, such oscillations 
being absent. However, for a well-characterized mixture 
consisting of only a few components of differing length, 
such oscillations should be possible to observe. 

The free volume fractions of the polymer components 
are very strongly dependent on the total polymer volume 
fraction. Figure 7b shows that, whereas the free volume 
fractions of the two longest components are low and less 
dependent on the total polymer volume fraction, the two 
shortest ones display large increases. The intermicellar 

(d j  kea ) versus the total polymer volume fraction (q$j6) for an 
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Figure 8. Volume fraction profiles (&) versus the layer number 
(i) for an aqueous solution of polydisperse Pluronic P105 for a 
total polymer volume fraction &im = 0.05 (dashed curve) and 
0.0005 (solid curve) and of monodisperse Pluronic P105 for 
@:06 = 0.05 (dotted curve) at T = 320 K. The polydispersity 
ratio is MJM, = 1.2 and Np = 5. (a) Segment volume fraction 
( & ~ , i  and (bp~j ) .  (b) Volume fractionof eachpolymer component 
(c#J,$. (c) VolumefractionoftheEO-PO junctionsofeachpolymer 
component (q+u&o,j). In (b) not all components are visible since 
some 4.,i are too small to be seen. In (b) the dotted curve is 
omitted, and in (c) the solid curves are omitted for clarity. 

part of the EO layer, which consists predominantly of EO 
segments of the longer components, has a more extended 
tail (cf. Figure 8a). A comparison of the junction profiles 
of the monodisperse and polydisperse models shows that 
the volume fraction of junctions in the core of the micelle 
is much larger in the monodisperse model. Thus, poly- 
dispersity sharpens the separation of EO and PO, some- 
thing which was also observed in Figure 8a. 

Pluronic P106. Mass Polydispersity. (b) Tem- 
perature Dependence. The question of how the tem- 
perature affects various properties will now be dealt with, 
using again Pluronic P105 with a mass polydispersity ratio 
of M J M ,  = 1.2. 
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Figure 9. Critical micellar temperature (7') versus the total 
polymer concentration (&'..,,5) for an aqueous solution of poly- 
disperse (solid curves) and monodisperse (dashed curve) Pluronic 
P105. The polydispersity ratio is MJM,, = 1.2. The curves for 
the polydisperse system are labeled in terms of the number of 
polymer componenta,Np, representing the polydisperse polymer. 
(a) Linear concentration scale. (b) Logarithmic concentration- 
scale. In (b) (T, &* ) points with constant micellar volume 
fractions (criterion o!&e cmc) are represented by dotted curves, 
the volume fractions being indicated. Experimental data from 
Alexandridis et al.'& are also included (filled squares). 

A property of aqueous solutions of Pluronic polymers 
that is frequently investigated experimentally is the 
temperature dependence of the cmc or, alternatively, the 
concentration dependence of the critical micellar tem- 
perature (cmt).16J7 In Figure 9a, the cmt is shown as a 
function of the total polymer volume fraction of Pluronic 
P105. For both the monodisperse and the polydisperse 
cases, as found experimentally as well, the cmt decreases 
as the polymer concentration increases. This effect is 
attributed to the reduction of the solubility of PPO and 
PEO as the temperature increases. For the polydisperse 
case, the cmt (crnc) decreases for all concentrations 
(temperatures) studied as Np increases. 

As discussed earlier, it  appears that, for a polydispersity 
of sufficient degree, the cmc approaches zero for the 
continuous polydispersity distribution, making a finite 
representation of polydispersity here inadequate. How- 
ever, as the number of polymer components increases, the 
micellar volume fraction at  the cmc decreases (cf. Figure 
6b). Hence, a t  some stage, the micellar volume fraction 
must fall below some limit, which would correspond to the 
experimental detection limit depending on the method 
employed. This has to be taken into account in comparing 
model predictions and experimental data. 

Figure 9b shows the predicted cmt curves for micellar 
volume fractions of 10-5, 104, and 10-3. Extensive 
determination of the cmt of Pluronic polymers in aqueous 
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solution has been performed by Alexandridis et al. through 
monitoring the change in the adsorption spectrum of a 
hydrophobic dye solubilized in the hydrophobic core of 
the micellelsa and by surface tension rneasurements,l6b 
and they succeeded in obtaining consistent data from the 
two methods. Some of their data for Pluronic P105 are 
also included in Figure 9b. In the previous investigation,21 
the predicted cmc for a monodisperse model was found to 
be 20-30 K too high. On the basis of the experimental 
and the calculated data for the monodisperse system given 
in Figure 9b, the difference in the cmt for P105 Pluronic 
would be >>30 K, or a difference of 3-4 orders of magnitude 
of the cmc, a t  a given temperature. A polydispersity ratio 
of MJM, = 1.2 of the polymer improves the comparison 
with the experimental data considerably, but a difference 
of 1-2 orders of magnitude still remains when a detection 
level of is employed as the criterion of the cmc. In 
order to make a more quantitative comparison, information 
on polydispersity and the presence of impurities has to be 
known as well as an assessment of the meaning of the cmc 
for the particular experimental methods employed. 

Thus, the theory for a monodisperse polymer predicts 
a finite cmc at  which the micelles start to appear in a finite 
concentration. On the other hand, in a sufficiently 
polydisperse system, both the predicted cmc and the 
micellar volume fraction at  the cmc approach zero. In the 
latter case the meaning of the cmc (and cmt) has to be 
specified further. By using th& criterion that the cmc 
denotes the concentration at  which the micellar concen- 
tration attains some threshold value, one is again able to 
calculate a crnc of the model system. The same criterion 
would hold for the cmt. In fact, the polydisperse model, 
where a detection value needs to be specified, corresponds 
better to  the experimental situation in which the cmc 
obtained generally depends on the technique used. An- 
other approach, which also brings the model closer to the 
experimental case, is to use a truncated mass distribution, 
since after synthesis the high mass tail is normally removed. 

For monodisperse polymers, it has been shown earlier21 
that, except for a rise just after the cmc, the aggregation 
number is nearly independent of the total polymer volume 
fraction (see also Figure 6a), but that the aggregation 
number increases strongly with temperature. For poly- 
disperse polymers, as evident in Figure loa, the effective 
aggregation number is also strongly temperature depend- 
ent but, in contrast (except far the initial rise), the effective 
aggregation number decreases with increasing total poly- 
mer concentration at  all temperatures that were investi- 
gated. The aggregation numbers of the monodisperse and 
polydisperse models differ from each other a t  high volume 
fractions approximately by a factor of 2. 

I t  is well established experimentally that Pluronic 
micelles grow increasingly as the temperature rises. Thus 
far, nevertheless, accurate experimental determinations 
of the aggregation number as a function of the polymer 
concentration are scarce. For a different system, however, 
poly(styrene-block-hydrogenated butadiene-block-sty- 
rene) in organic solvent, it has been found that the polymer 
micelles grow as the polymer concentration decreases and 
approaches the cmc. Tuzar et al. deduced from light- 
scattering measurements that the aggregation number of 
the micelles formed can be twice as large at  cmc than at  
higher polymer  concentration^.^^ The system they used 
was treated specially to remove homopolymer impurities, 
and the authors could not find any plausible explanation 
for this result. In view of the model results given in Figure 
loa, a polydisperse polymer sample could be the explana- 
tion for the reduced micellar size found at  increasing 
polymer concentrations. 
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Figure 10. (a) Effective aggregation number (M;) and (b) 
micellar volume fraction (+g&) versus the total polymer volume 
fraction (q$i& for an aqueous solution of polydisperse Pluronic 
P105 at T = 300,310,320, and 330 K. The polydispersity ratio 
is MJM, = 1.2 and Np = 5. In (b) the symbols denote the total 
polymer volume fraction where M; displays ita maximum. 

Figure 10b shows the micellar volume fraction, and hence 
indirectly the volume fraction of free polymers, likewise 
as a function of the total polymer volume, a t  different 
temperatures. For polymer volume fractions above the 
one at  which the effective aggregation number has its 
maximum, the power dependence is @;& = const 
[&'~051u, the exponent CY ranging from 1.5 at  330 K to 2.0 
at  330 K. For Np > 5,  this approximate relationship can 
be expected to continue on to lower volume fractions than 
those shown. The figure indicates, e.g., that for &&, = 
0.01 and at  300 K, only about 2% of the polymers are 
aggregated, whereas a t  330 K about 50% of them are 
aggregated. Again, this is a demonstration of the decreas- 
ing solubility of the Pluronic polymers a t  increasing 
temperature. 

Pluronic P105. Mass Polydispersity. (c) Polydis- 
persity Dependence. As already indicated, the cmc is 
reduced as the polydispersity increases. Figure 11 displays 
the relationship between the total polymer volume fraction 
at  the cmc and the polydispersity ratio for different 
detection limits being the criterion of the cmc. Thus, a 
quantitative prediction can be made of how the cmc 
changes with the degree of polydispersity found at  different 
detection levels. For example, a polydispersity of M$M, 
= 1.1 reduces the cmc by a factor of 20 at  the lowest 
detection limit considered and by a factor of 4 at  the 
highest, as compared with a monodisperse polymer. An 
increase in polydispersity to 1.2 causes a reduction in the 
cmc by factors of 160 and 7, respectively, a t  the lowest and 
highest detection limits considered. 
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Figure 11. Polydispersityratio (MJM,) versus the total polymer 
volume fraction (C#JFk6) at different micellar volume fractions 
(criterion of the cmc) for Pluronic P105 at T = 320 K. The 
calculations were performed for Np = 5. The symbols denote the 
calculated points, whereas the curves are fitted polynomials for 
increased readability. 
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Figure 12. Segment volume fraction profiles (@EO,i and @PO,,) 
versus the layer number ( i )  for an aqueous solution of polydisperse 
(solid curves) and monodisperse (dashed curve) Pluronic P105 
for a total polymer volume fraction C#Jpw = 0.05 at T = 320 K. 
The effective aggregation numbers Id are 15.60,38.24, 51.23, 
and 60.35, for the polydispersity ratios%,,JM, = 1,1.1,1.2, and 
1.3, respectively. The calculations were performed for Np = 5. 

The model calculations thus predict that the polydis- 
persity has a strong influence on the cmc and that the 
effect increases as the micellar volume fraction used to 
define the cmc becomes lower. These results suggest that 
knowledge of the polydispersity is of paramount impor- 
tance in comparing results pertaining to different batches 
of a polymer or results pertaining to different members 
of the Pluronic family. The effect of the polydispersity 
has not thus far been examined thoroughly per se. 

At agiven temperature, the effective aggregation number 
increases with the polydispersity ratio. For an aqueous 
solution of Pluronic polymer with 4&5 = 0.05 at  T = 320 
K, the effective aggregation number increases from 15.6 
to 38.2, 51.2, and 60.4 as the monodisperse polymer 
becomes polydisperse with ratios of M J M ,  = 1.1,1.2, and 
1.3, respectively. The corresponding segment volume 
profiles are shown in Figure 12. Thus, with increasing 
polydispersity, there is a continuous increase in the 
aggregation number as well as in the micellar size. For 
M d M ,  = 1.2, polydispersity causes a 3-fold increase in 
the effective aggregation number, with a concomitant 
increase in micellar size. 

The effect on micellization of the presence of polymer 
impurities has been studied with the same In 
the case of an aqueous solution of monodisperse Pluronic 
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Figure 13. Effective aggregation number ( M i )  versus the total 
polymer volume fraction (I$&,? at T = 310 K for an aqueous 
solution of mass and composition polydisperse (solid curves), 
mass polydisperse (dashed curves), and monodisperse (dotted 
curve) Pluronic P105. The polydispersity ratio is M,,JMn = 1.2. 
The curves for the polydisperse systems are labeled in terms of 
the number of components, N , representing one polydisperse 
block and the polydisperse pofymer, respectively. 

P105 in which 5% of the polymer mass was a PEO-PPO 
diblack impurity, the reduction in the cmc was only 
moderate. The reduction depended largely on the tem- 
perature, but was ca. 30 % at 320 K. Similarly, the increase 
in the effective aggregatrion number was small. Thus, it 
seems that polydispersity has a larger influence on the 
aggregation of Pluronic P105 than diblock impurities do. 
The presence of a small amount of PPO homopolymer 
impurity also leads to only a moderate reduction in the 
cmc, yet close to the solubility limit of the PPO impurity 
the effective aggregation number can increase by a factor 
of 2,25 a change comparable with the effect of polydis- 
persity. 

Pluronic P105. Mass and Composition Polydis- 
persity. The effect of mass and composition polydis- 
persity, as described in section 111, was investigated by 
modeling aqueous solutions of Pluronic P105. Figure 13 
shows the effective aggregation number as a function of 
the total polymer volume fraction for a monodisperse 
polymer, for a mass polydisperse polymer at  M J M n  = 
1.2, and for a mass and composition polydisperse polymer 
having a polydispersity ratio of MmIMn = 1.2 for each 
block. For the polydisperse cases, Np = 2 and 3 were 
examined, corresponding to 6 and 18 distinguishable 
polymer components, respectively, for the case of the mass 
and composition polydispersity. As indicated previously, 
the left end of each curve corresponds to the predicted 
cmc of the model. [In the case of mass and composition 
polydispersity a t  Np = 3, the failure to obtain a converged 
solution at  a $J~~, ,~ smaller than indicated in Figure 13 
occurred probably prior to the cmc being reached. Despite 
extensive investigations, the origin of this absence of 
convergency could not be determined conclusively.] 
Figure 13 shows that the additional composition poly- 
dispersity increases the effective aggregation number 
somewhat and that it reduces the cmc (at least for Np = 
2). However, the main effect, as compared with the 
monodisperse model, is already shown to be present by 
the use of a mass polydisperse model. 

The segment density profiles for &;05 = 0.05 at  Np = 
3 were compared. Figure 14 indicates that the larger 
aggregation number obtained €or the mass and composition 
polydisperse model causes the EO and PO profiles to 
extend further outward. However, in the core, the volume 
fraction of PO is reduced and of EO increased by ca. 0.03, 
giving the same total polymer volume fraction. The EO- 
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Figure 14. Segment volume fraction profiles (4~0, i  and 
versus the layer number (i) for an aqueous solution of mass and 
composition polydisperse (solid curves) and mass polydisperse 
(dashed curve) PluronicP105 for a total polymer volume fraction 

= 0.05 at T = 310 K. The effective aggregation numbers 

is%JM, = 1.2 and Np = 3. 
W 4ptP6 are 30.60 and 25.56, respectively. The polydispersity ratio 

PO junction volume fraction profiles of the six most 
abundant components in the micelle had their peakswithin 
0.5 layers (data not shown). The junction profiles of the 
two components with one short PEO block, (EO)12(PO)sl- 
(E0)40 and (EO)dP0)104(E0)40, respectively, also had 
clear maxima located in the center of the micelle. Thus, 
for entropic reasons these short PEO blocks are located 
partly in the PO core, resulting in the less distinct EO-PO 
separation mentioned above. 

Accordingly, complete three-dimensional polydispersity 
appears to slightly extend the effects observed for mass 
polydisperse polymers. However, this conclusion is some- 
what uncertain, since only limited comparisons were 
performed and numeric convergency difficulties may have 
arisen. 

Reversed Pluronic P105. I t  was found earlier that a 
monodisperse triblock copolymer of the same composition 
as P105, but with a central PEO block and two equal PPO 
end blocks (see Figure 2), likewise forms micelles in 
aqueous solution.21 The cmc was about twice as high as 
that and the temperature range of stable micelles smaller 
than that for Pluronic P105. In addition, a t  the single 
temperature that was investigated, the aggregation number 
was found to be larger. 

The influence of polydispersity on the micellization of 
the PPO-PEO-PPO triblock copolymer was investigated 
in the same manner as for Pluronic P105. Figure 15 shows 
the critical micellar temperature as a function of the total 
polymer volume fraction for different micellar volume 
fractions, using aqueous solutions of the PPO-PEO-PPO 
triblock copolymer and of Pluronic P105 at  a mass 
polydispersityratio of M J M ,  = 1.2. The micelles formed 
by the monodisperse triblock copolymer were not stable 
above T = 320 K, and polydispersity did not alter this 
instability temperature. Polydispersity caused a reduction 
in the cmc at  a fixed temperature in a manner similar to 
that for Pluronic P105, although the effect was not as 
prominent. This led to a ratio of the cmc for the triblock 
copolymer and Pluronic P105 increasing from 2 (mono- 
disperse polymer) to 5 for the polydisperse polymers a t  a 
detection level of $$& = 

The effective aggregation numbers for these same 
systems are displayed in Figure 16. For the PPO-PEO- 
PPO triblock copolymer too, polydispersity leads to the 
effective aggregation number having a concentration 
dependence different from that in a monodisperse system 
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Figure 15. Critical micellar temperature (27 versus the total 
polymer concentration (&&) at different micellar volume 
fractions (criterion of the cmc) for an aqueous solution of a PPO- 
PEO-PPO triblock copolymer (solid curves). The polydispersity 
ratio is MJM, = 1.2 and N = 5. The cmt for the monodisperse 
polymer is also shown (solibcurve). The triblock copolymer has 
the same composition as Pluronic P105; see Figure 2. The 
corresponding data for an aqueous solution of Pluronic P105 are 
also shown (dashed curves). 
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Figure 16. Effective aggregation number (N.4) versus the total 
polymer volume fraction (4: for an aqueous solution of a 
PPO-PEO-PPO triblock copaymer (solid curves) at T = 310 
and 320 K. The polydispersity ratio is MJM. = 1.2 and N p  = 
5. The triblock copolymer has the same composition as Pluronic 
P105; see Figure 2. The corresponding data for an aqueous 
solution of Pluronic P105 are also shown (dashed curves). 

(cf. Figure 6a). Under all the conditions shown, it is the 
PPO-PEO-PPO triblock copolymer which has the larger 
effective aggregation number and for which the effective 
aggregation number increases more rapidly with a decrease 
in the total polymer volume fraction. 

Pluronic L64. For a given temperature, both the 
experiments and the theory predict that the cmc will 
increase with decreasing mass and with an increase in the 
PO content of the Pluronic polymers.16t21 Pluronic L64 
(structure given in Figure 2) is the shortest member of the 
Pluronic family reported to form micelles in aqueous 
solution. The previous investigation of the micellization 
of monodisperse Pluronic polymers failed to  predict the 
existence of micelles of Pluronic L64.21 It was concluded 
that the discrepancy between experiment and theory might 
possibly be attributed to polydispersity in the experimental 
system. 

Model calculations using Np = 5 and a polydispersity 
ratio of MJM, = 1.3 yielded locally stable micelles, 
whereas a ratio of 1.2 was not sufficient for micelles to be 
obtained. The temperature interval for stable micelles 
was narrow, 314-319 K, and the total polymer volume 
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the basis of a lattice theory for polymer solutions in 
heterogeneous systems. The polydisperse polymer sample 
was represented by several polymer components, each of 
which was of different length (and composition). The 
polydispersity was assumed to follow the Schulz-Zimm 
distribution. The inverse temperature behavior occurring 
in the phase diagram of aqueous PEO and PPO solutions 
was taken into account by allowing the polymer segments 
to adopt different states depending upon the temperature 
and concentration of the solutions. The effective segment- 
segment interaction became both concentration and 
temperature dependent, the latter being essential for 
describing the temperature dependence of the cmc. All 
the interaction parameters employed were ones derived 
independently in previous investigations of the phase 
diagrams of simpler systems. Thus, no adjustable pa- 
rameters were involved in the study. 

The single most important result appears to be that the 
polydispersity strongly facilitates micellization. The other 
major conclusions are as follows. 

(1) The results obtained for mass polydisperse polymers 
and for mass and composition polydisperse polymers 
seemed to be quite similar. Although the following 
conclusions are based on results for mass polydisperse 
polymers only, similar conclusions could be expected for 
mass and composition polydisperse polymers. 

(2) It appears that a polydisperse polymer and its self- 
aggregation can be adequately described using only a 
limited number of components. The constraint of se- 
quentially equal differences in the mass of the components 
yielded a well-behaved variation of the different properties 
of the polymer as the number of components was increased. 

(3) The theory predicts a finite micellar volume fraction 
for a monodisperse polymer. This seems to also be the 
case for a moderately polydisperse polymer, whereas for 
a polymer with greater polydispersity, the cmc, and hence 
the micellar volume fraction at  the cmc, approaches zero 
as the number of polymer components describing the 
Schulz-Zimm distribution is increased. 

(4) The relative volume fraction of different polymer 
components in the micelledepends strongly on the polymer 
concentration. Close to the cmc, the micelles are pre- 
dominantly formed by the longestlmost hydrophobic 
polymer component. 

(5) The effective aggregation number is reduced with 
increasing polymer concentration, a behavior which is the 
opposite of that for a monodisperse polymer. 

(6) The cmc decreases by several orders of magnitude 
and the effective aggregation number increases by about 
a factor of 2 for a polydispersity ratio of 1.2. These effects 
increase as the polydispersity ratio becomes still greater. 
The strong temperature dependencies found for the 
monodisperse polymers are likewise found for polydisperse 
polymers. 

A comparison of the theoretical results with experi- 
mental data shows that agreement improves considerably 
when polydispersity is included in the model. Particularly 
notable is the much closer agreement this gives of the cmc 
(and of the cmt). A polydisperse model of Pluronic L64 
was found to form micelles, whereas a monodisperse model 
did not. The reduction in the aggregation number a t  
increasing polymer concentration obtained on the basis of 
the polydisperse model appears not to have been experi- 
mentally documented for Pluronic polymer systems. 
Polydispersity seems to have a larger effect on the cmc 
and on the size of the micelles formed than polymer 
impurities do. In order to carry out further quantitative 
comparisons, additional information on the polydispersity 
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Figure 17. Critical micellar temperature ( r )  versus the total 
polymer concentration (#Eo ) at different micellar volume 
fractions (criterion of the cmc) !or an aqueous solution of Pluronic 
F127 (dotted curves). The polydispersity ratio is MJM. = 1.2 
and Np = 7. The cmt for a monodisperse polymer is also shown 
(dashed curve). Experimental data from Alexandridis et al.lBB 
(filled squares), Wanka et al." (filled nabla), and Linse and 
Malmstenm (filled diamonds) are also included. 
fraction was always in the range 0.02-0.2. The qualitative 
dependence of the effective aggregation number on the 
total polymer volume fraction differed too; the aggregation 
number increased continuously with the total polymer 
volume fraction until the micelles became unstable due to 
a catastrophic increase in size. 

In the model calculations, the presence of polydispersity 
thus extends the mass and composition range of the 
Pluronic polymers for which micelles may occur. This 
brings the experimental and theoretical observations closer 
to each other. 

Pluronic F127. The longest and most hydrophilic 
Pluronic polymer considered is F127. I t  contains 70% 
EO and has a molecular mass of ca. 13 000 g mol-'.. I t  
forms micelles in aqueous solutions readily and has been 
the subject of several investigati~ns.~~~J~J~~~~,~~ For Plu- 
ronic F127 in aqueous solution, a monodisperse model has 
also been found to give too large a cmc, as compared with 
experimental data (Figure 7 of ref 21). 

Figure 17 shows the predicted cmts for an aqueous 
solution of Pluronic F127 with a polydispersity ratio Mm/ 
M, = 1.2 a t  different micellar volume fractions, being the 
criterion of the cmc. The polydispersity gives a somewhat 
larger reduction in the cmc than it does for Pluronic P105. 
Additional experimental data, from Alexandridis et al. 
using the solubilization of due species,16* from Wanka et 
al. using surface tension measurements,17 and from Linse 
and Malmsten using surfaces tension measurements and 
ellipsometry,20 are also in included in Figure 17. Reason- 
able agreement among the experimental data is evident. 

I t  is also evident that the agreement between the 
experimental and theoretical data is dramatically improved 
when polydispersity is included in the model. For the 
values MmIMn = 1.2 and cpF& = lo4 that were selected 
as the criterion of the cmc, semiquantitative agreement 
was obtained. This does not necessarily imply that the 
individual values for Mm/Mn and cpF& were those that 
best represent the experimental situation. Other com- 
binations would be likely to give similar agreement. A 
polydispersity ratio of 1.4 was deduced from the mass 
distribution obtained from a gel permeability chroma- 
tography study26 of Pluronic F127 (see section 111). 

V. Summary 
The micellization of polydisperse triblock copolymers 

consisting of EO and PO segments was investigated on 
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of the polymers would be required and an assessment of 
the meaning of the cmcs for those particular experimental 
methods employed has to be made. 

Despite the large improvement between the experi- 
mental data and the theoretical predictions achieved here, 
other simplications of the model system may still be 
important. Likely candidates are the mean-field ap- 
proximation which suppresses the concentration fluctua- 
tions in each layer and the inherent assumptions in the 
lattice approach. Moreover, the thermodynamic model 
of the micellization neglects size, shape, and composition 
fluctuations of the micelles. These fluctuations tend to 
reduce the predicted cmc. 
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