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ABSTRACT: The structure of aqueous dispersions of hydrophobically end-capped poly(ethylene oxide)
(PEOM) was investigated by small-angle neutron scattering. Two polymers, M16C16 and D32C16, with
the same hydrophilic/hydrophobic balance, with either one or two n-hexadeca end groups and average
molecular weights, M, 16 000 and 32 000 g mol~2, respectively, were studied in heavy water. In addition,
a sample of poly(ethylene oxide), M = 35 000 g mol~*, with deuterated n-octadecyl end groups was studied
in heavy water and in a heavy water/water mixture (17.6% D0O) to selectively match the PEO chain. In
all the cases, the scattering curves were characterized by a main peak which revealed that the polymers
were organized in micelles forming an organized liquid structure. In heavy water, the peak maximum
scattered intensity, Imax, has @ maximum at a concentration corresponding to micelle overlapping, and
Imax iNCreases with increasing temperature, at constant concentration. In a mixture containing 17.6%
D0, Imax continuously increases with polymer concentration. This scattering behavior is interpreted on
the basis of an analogy between micellar solutions and dilute and semidilute solutions of star-branched

polymers.

Introduction

Associative polymers (AP) formed from hydrophilic
poly(ethylene oxide), PEO, chains with one or two
aliphatic end groups, a- or a,w-modified PEO or PEOM,
self-assemble in aqueous dispersions to form respec-
tively micelles or “flowers”.1=4 PEO-based AP are par-
ticularly interesting as it is possible to prepare model
samples with low molecular weight distributions and
well-controlled degrees of functionalization®>% and also
because solubility of PEO in water is easily tuned by
varying temperature. Micellization occurs above a well-
defined critical concentration, CAC, which is generally
measured by fluorescence or light scattering.5710 At
concentrations where micelles overlap, C¢*, an abrupt
jump in viscosity is observed with the difunctionalized
polymers, while the equivalent increase in viscosity of
monofunctionalized polymer varies little from that of
unmodified PEO.1* Moreover, the association mecha-
nism has been investigated by light scattering®1° and
a model of closed association was proposed when only
micelles are formed as in the case of a-PEOM.® When
intermicellar bridges are formed, as in the case of a,w-
PEOM, two association steps were identified, the first
being cooperative—a closed association—forming the
“flower” like micelles and the second being more
progressive—an open association—corresponding to
“flower” association,®10 via formation of bridges.

While this paper deals with the structure of this type
of AP in dispersions above the CAC, it has already been
demonstrated by neutron®® and X-ray’ scattering that
“flowers” of a,w-PEOM are organized in a liquid order
(Figure 1). In a series of experiments, we mainly studied
the influence of polymer composition and concluded that
the degree of order increases on decreasing the molec-
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Figure 1. Schematic representation of the association of
mono- and difunctionalized PEO.

ular weight of the PEO chains or increasing the length
of the hydrophobic groups. The size and shape of the
hydrophobic nanodomains have been studied in water/
heavy water (82.4%/17.6% v/v) mixtures where the PEO
chains are matched, and we concluded that the “flower”
cores can be considered as spheres with radii increasing
with increases in concentration while, at the same time,
dependent upon the PEO chain length (for a same
hydrophobic groups).

This work is a systematic investigation of the scat-
tering behavior of hydrophobically modified poly-
(ethylene oxide). As only a,w-PEOM were previously
investigated, we now compare in this paper the behavior
of o-PEOM and a,w-PEOM samples of the same hydro-
philic/hydrophobic balance: the end groups are n-
hexadeca aliphatic chains and the molecular weights of
PEO chains are respectively 16 000 and 32 000 g mol~1.
The aim is to separate the effects of bridging (only in
cases of a,w-PEOM) and steric interactions (both
o-PEOM and a,w-PEOM) between micelles. Investi-
gated are the influences of polymer concentration and
temperature. A difunctionalized polymer with the same
molecular weight (M = 35 000 g mol~1) but deuterated
n-octadeca groups was also studied. It was studied in
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heavy water, where no part of the molecule is matched,
and in a mixture of water/heavy water (17.6%). where
PEO is matched. In the first part of this paper, we
present the theoretical basis of the interpretation of the
experimental results. The experimental setup and the
preparation of the samples are described in the second
part, while the experimental results and the discussion
are presented in the third part of this paper.

Theory

Many attempts to model SANS curves of polymeric
systems forming micelles have already been made.11~17
Generally the systems studied were EO/PO copolymers,
linear or branched. Mortensen?! has considered micelles
as hard spheres, without taking into account internal
structure of the swollen PEO corona. More elaborated
models were proposed in which scattered intensity was
attributed to micelles consisting of several layers with
a hard PO core surrounded by PEO layers with a
differing degree of swelling.’®17 It must be noted that,
in the case of these copolymers, the PEO and PPO
chains are considerably shorter than in our associative
polymers for which the core is very small with respect
to the corona. Moreover, experiments in solvents selec-
tively matching PPO cores with PEO coronas have not
been performed.

On the other hand, the literature provides theoretical
calculations of the form factors of polymer stars to which
micelles or flowers may be assimilated.’8-21 Several
investigations of the scattering behavior of stars in
dilute solutions have been published,?2-24 in which the
interaction between the micelles (the structure factor)
is neglected. When the correlations between stars
become important, one has to introduce a structure
factor, and several models may be used. Very often, the
interaction potential of hard spheres is used7—20.2526 jn
the case of micellar systems. The true potential of soft
spheres or polymer stars has been calculated, but it
leads to a structure factor which is not a simple
analytical expression.2’=29 In the dilute regime, it should
be possible to obtain the structure factor from the
scattering curves by dividing the total scattering inten-
sity, 1(q), by the form factor, if it is known.2° The method
is limited to stars with a well-determined number of
branches and can only be used in the dilute regime
since, in semidilute solutions, the star conformation is
expected to change with concentration.

Therefore in our analysis we utilize the combined
model of the micellar solution: this model includes only
experimentally measurable parameters, i.e., the ag-
gregation number and the hydrodynamic radius of the
micellar corona, and enables us to obtain analytical
expressions for the scattering intensity as a function of
concentration. For the description of scattering from the
micellar coronas (when PEO chains are not matched,
the study in heavy water) we utilize the star-polymer
model, thus taking into account explicitly the intrinsic
conformational structure of the PEO chains in the
coronas. The structure factor which is due to the
interaction between crowding coronas of different mi-
celles is calculated, however, on the basis of the model
of equivalent hard spheres, i.e., depending on concen-
tration of micelles and on the effective interaction
radius; as we discuss below, this effective interaction
radius appears to be a function of the polymer concen-
tration in the solution.

The starting point is the general equation for scat-
tering:
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(Ab)2

Al(q) = C'V'WNagP(Q)S(Q) (1)

Here C is the concentration of polymers (g/cm3), My, is
the weight average molecular weight (g/mol), Na = 6.022
x 10% mol~! is the Avogadro number, Ngg is the
aggregation number (number of the polymer chains
associated into one micelle), Ab = Ap*vg), is the contrast
length in cm/g (Ap is the contrast factor, and vs, is the
specific volume of the scattering species). P(q) and S(q)
are the form and the structure factors, respectively.

Two different scattering species are present in our
polymers: the aliphatic end groups and the PEO chains.
In a solvent where no part of the polymer is matched,
the scattered intensity contains three different terms
where the indices 1, 2, and 12 refer to the intra- and
intercorrelations between the same scattering species
1 and 2 and to the crossed correlations between scat-
tering species 1 and 2, respectively. In our subsequent
discussion we ascribe index 1 to the aliphatic chains and
index 2 to the PEO chains.

(Ab,)?
Al = =C,M,;N, P1(0)S,(q) +

N4
(Ab,)*

N C M 2NagP2(q) 82(Q) + X (2)
Here X is a crossed term proportional to the product to
AblAbz'C]_Cz.

In a solvent where PEO chains are matched (Ap; =
0), the second and third terms vanish. When the solvent
is heavy water, the value of Ab,2C, is more than 100
times higher than Ab;2C; or Ab;Ab,-C;C; and one can
consider only the second term.

Our experimental results clearly show that qualita-
tive changes in scattering phenomenon are observed
when C exceeds the critical concentration of micelle or
flower overlap, C¢*. Therefore, we shall consider suc-
cessively the dilute regime (C < C¢*) and the semidilute
regime (C > C¢¥).

(1) Dilute Regime. (a) Structure Factor. The
structure factor S(q) in dilute solution of micelles is
determined by the interaction between swollen PEO
coronas of the micelles. Therefore, it is the same in both
solvents where PEO chains are matched or not, Si(q) =
S,(q) = S(q). The general expression for S(q) is®°

sin qr4yrr2dr =1+ N,,g(q)

3)

where Ny, is the number of micelles/unit volume and
g(q) is the Fourier transform of the pair correlation
function g(r). N, can be calculated from the aggregation
number, if known:

5@ =1+ Ny ;9™ 5"

_ NC
N, =— 4)
MwNag

An analytical expression for g(q) has been calculated
for monodisperse solutions of hard spheres of radius R
within the Percus—Yevick approximation and leads to
the following expression for the structure factor:

G(2qR,®)]~

S(a) = |1+ 2405 2 (5)
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Here G(2u,®) is a function of u = gR and volume
fraction @, occupied by spheres,

G(2u,®) = (a(P)/4u?)[sin(2u) — 2u cos(2u)]
+ (B(®)/8u®)[4u sin(2u) + (2 —4u?) cos(2u) — 2]
+ (p(®)/32u®)[—16u” cos(2u) +
4[(12u? — 6) cos(2u) + (8u® —12u) sin(2u) + 6]] (6)
and o, 3, and y are functions of the volume fraction ®:
a(®) = (1 + 2(P))4(1 — ®)*
B(P) = —6D(1 + ®/2)%/(1 — ®)*
y(®) = (®/2)(1 + 20)°/(1 — ®)* @)

There is only one adjustable parameter, the radius R,
since the volume fraction @ is given by

NAC 4
MWNag §J‘[R (8)

d=N,V=

For true hard spheres, R corresponds exactly to the
sphere radius; in fact, in this work we assimilate
micelles to hard spheres for calculation of S(q). There-
fore, we replace R by the effective interaction radius Rps
in egs 5—8.

(b) PEO Matched Chains. In the case when the
PEO chains are “invisible” (Ab, = 0) and do not
contribute to the scattering intensity, the equation for
the scattering intensity assumes the most simple form:

(Ab))® M,
AI(@) = 5 ~Cg NagP(@) S(0) 9)

w

Here Ab; and M, are the contrast length and the
molecular weight of the aliphatic chains, respectively.
P(q) is the form factor of the micellar core, and S(q) is
the structure factor which accounts for the interactions
between (“invisible™) micellar coronas. As the core can
be assimilated to a uniform sphere of radius R, we can
utilize the classical form factor of uniform spheres:3°

P(a) = (q; (5in AR~ R, 05 GR) * (0

C

(c) PEO Unmatched Chains. In heavy water, the
dominant contribution to the overall scattering intensity
is due to the coronas of micelles. According to the
approach of Auvray—de Gennes,3! the scattering inten-
sity from the dilute solution of starlike micelles can be
decomposed into two contributions. The first term
originates from correlated fluctuations in a local con-
centration of micelles and is proportional to the product
of the form factor of a micelle (calculated by taking into
account the average radial distribution of the monomer
density in the micellar corona) and the structure factor
which accounts for the interaction between micelles. The
second term is due to correlated fluctuations of the
monomer density inside the micellar coronas. Because
the micellar corona locally is equivalent to the semi-
dilute polymer solution, the second term has a Lorent-
zian form. Altogether, the expression for the scattering
intensity yields
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_ (Abz)z — 1
AI(E) = TR CM N aP(e) S(@ + o) ()

9%
where £ is an appropriate correlation length (the aver-
age blob size) in the micellar corona.

Equation 11 is expected to provide an interpolation
for 1(g) in wide range of g fromq > Ouptoqg < &1.The
choice of the weight factors oo = (Nag — 1)/Nag and g =
1/Ngg in eq 11 ensures that, in the infinitely dilute
solution, C — 0, in the limit g = 0 (when both S(q) =1
and P(q) = 1) the overall intensity extrapolates to

(Aby)® ——
Nj CM, N, (12)

Al(q=0)=

while the contribution of the second term describing
local monomer density fluctuations scales proportionally
to the molecular mass of a single chain. This type of
decomposition of the scattering intensity has been first
suggested for a dilute solution of starlike micelles in refs
32 and 33 and in the more particular form of eq 12 in
refs 34 and 35.

(d) Form Factor of the Corona. The model used
to calculate the form factor of the micellar corona is
represented in Figure 2. As long as the radius of the
core is negligible in comparison to that of the corona,
the latter can be assimilated to a starlike polymer36.37
with Nag branches and can be presented as an array of
concentric shell of close-packed blobs. The blob size, &(r),
increases with the distance r from the center of the
micelles as &(r) = r Nag~¥2. The polymer concentration
in the corona decreases with r as C(r) = Nag—/2rit=3"/7,
where v is the Flory exponent (v = 3/5 or 1/2 under good
or ®-solvent conditions, respectively).

Then the form factor of a starlike micelle has the
form?!

sin(gr 2
A LRC(r)—q(? )r2 dr

4z [C(r)r? dr

[t - o

where F({a},{b},x) is the generalized hypergeometric
function and we have neglected the core size setting the
lower limit of integration equal to zero. R is the cutoff
length of the concentration profile (determined by the
normalization of C(r)) which can be roughly assimilated
to the hydrodynamic radius of the corona. In © solvent,
C(r) ~ 1/r, eq 13 is reduced to

P(q) =

qZRZ
4

2
@R)?

P(q) = [—2(1 — cos(aR))| (14)

This expression is applicable at high temperatures
close to the LCST. The 1/r*3 profile should apply at
lower temperatures since water is a good solvent for
PEO. Remarkably the shape of the form factor P(q) is
relatively insensitive to the particular value of the
exponent describing the radial decay of the polymer
density in the micellar corona. Therefore, we utilized
for the fit of our experimental data the analytical
expression for the form factor, P(q), given by eq 14.

We remark that the power-law dependence for the
polymer concentration on r well describes the central
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Figure 2. Daoud—Cotton model for starlike polymer micelles.

P r
Figure 3. Schematic representation of semidilute solutions

of starlike polymer micelles. The “sea of blobs” and internal
unperturbed regions of coronas are depicted.

regions of the micelle corona but is violated near the
edge of the corona, where the polymer density vanishes
smoothly; the polymer density profile in this external
region acquires approximately a parabolic shape.38 In
our calculations of the form factor we do not take this
deviation into account explicitly though it can affect the
value of the apparent radius of the corona providing the
best fit of the scattering curves.

(2) Semidilute Regime. (a) PEO Unmatched
Chains. We will consider at first the case where PEO
chains were not matched and thus contribute mainly
to the scattered intensity.

The semidilute solution of the starlike micelles can
be schematized as in Figure 3, where the overlapped
regions of the coronas constitute semidilute polymer
solution which can be viewed as the “sea of blobs” of
constant size &, while within the radius p an unper-
turbed structure of the corona equivalent to that in the
dilute regime is preserved.36:3°% We shall refer to these
unperturbed internal regions as “depleted micelles”
which are embedded in the “sea of blobs”. The monomer
concentration profile is also schematically presented in
Figure 3. The concentration inside the “sea of blobs” is
uniform, and we denote it as Cp. The concentration in
the unperturbed internal regions of the micellar coronas
decreases as a function of the distance r from the center
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of the micelles reaching the value of Cy, at the edge of
the unperturbed part, i.e., at r = p.

Following ref 40, we shall assume that the scattering
intensity, Al(q) = Als(g) + Alp(q), can still be decom-
posed into two contributions. The first one (Als) de-
scribes scattering due to correlated fluctuations in the
positions of the unperturbed internal regions of the
micellar coronas, whose radius p decreases with in-
creases in concentration; the second contribution (Aly)
is due to local fluctuations in the concentration of
monomers both in the “sea of blobs” and inside unper-
turbed internal regions of the micellar coronas.

(i) Evaluation of Als. The radius p of the unper-
turbed internal region of the coronas depends on the
overlap degree of the micelles, i.e., on C/C¢*, and can be
found from the condition C(p) = Cy, which leads to

1 1 v—1 1 C
~r 1-3vlvlq _ r 1l —

e L cr @9

where r; is the ratio between p(C) and the radius of the
micelle in the dilute regime, R:

_0(©)

re R

(16)
As follows from eq 15, rc = 1 (i.e. p = R) at C = C¢*.
In © solvent, v = 1/2, eq 15 reduces to

2 =
CIC*

r’ —3r, + 0 (17)

By using this expression, it is easy to calculate r if the
ratio C/C¢* is known.

For the calculation of the form factor of the depleted
micelles we have to take into account that (1) the
central-symmetrical monomer density profile C(r) ex-
tends up to p(C) and (2) the background concentration
Cp has to be subtracted from C(r), which corresponds
to the effective reduction of the contrast for depleted
micelles embedded in the semidilute polymer solution
(the “sea of blobs”) of concentration Cp. As a result, one
gets

p©SIN(qr)
0 qr
47 [P9(C(r) — Cyridr

47 (C(r) — C)r’dr ’

P(a) = (18)

However, due to the power-law dependence of the
polymer density on r, we have a simple relation between
the polymer density C(r) inside the unperturbed region
of the micellar corona and the density Cy, in the sea of
blobs

%:) _ ( i)(l—&/)/v (19)

and eq 18 becomes

p(c)Sin(qr)((r )<1—3V)’V B 1)r2 dr 2

" r
P(a) = v

(1-3v)lv
0p<c)(([) _ 1)r2 dr
()

(20)

Finally, the expression for Als(q) reads
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3 112
Pt
fp(c)sin(qr)((£)(1—3v)/v 3 1)r2dr 2

°© qr \ip

1-3v)lv
R

and for v = 1/2 one gets

Ab,?
N

Aly(q) =

A

S(a) (21)

Al(Q) = S(q)

[(M Nag)
(22)

] [6(0|p - 5'“(QP))

where the structure factor S(q) depends on the effective
interaction potential between the depleted micelles. For
the calculation of S(q) we use again the equivalent hard
sphere model, similarly to the case of dilute solution.
However, in semidilute solutions, the effective interac-
tion radius is expected to depend explicitly on the
polymer concentration (i.e., on the degree of overlapping
of micellar coronas). The radius p(C) of the unperturbed
internal regions of micelles may serve as a lower
estimate for the interaction radius. As has been dem-
onstrated in ref 39, the interpenetration of the coronas
progressively increases upon an increase in concentra-
tion above Cf*. In a wide range of concentrations
corresponding to the semidilute solution, the PEO
chains in the corona remain extended in the radial
direction and, as a result, the degree of interpenetra-
tion of the coronas of different micelles remains weak.
Therefore we expect that the effective interaction ra-
dius between depleted micelles in the semidilute solu-
tion is smaller than that in dilute solution but larger
than p(C).

(i) Evaluation of Alp(qg). The contribution Aly(Q)
to the scattered intensity is expressed similarly to the
case of a semidilute polymer solution as a function of

the average concentration of monomers/unit volume C.

. 3
Al (q) = K.C%Abz)zlf—ngz (23)

where K| is a numerical prefactor and & is the (average)

correlation length which depends on C. For the semi-
dilute solution of linear chains, K; has been calculated
in ref 41 within the RPA and is equal to 294734, By the
approximation leading to eq 23, we effectively smear out
locally higher monomer concentration (and, as a result,
locally smaller correlation length) in the internal un-
perturbed regions of micelles. We expect that due to the
power-law monomer density profiles inside the depleted
micelles, this approximation affects only the numerical
prefactor in the expression for Al,. Moreover, at suf-
ficiently high concentration, the contribution of the
depleted micelles to the overall solution concen-

tration and to Alp(q) becomes negligible and C ap-
proaches Cy,.

(iii) Total Scattered Intensity for Semidilute
Solutions. Finally, the total intensity is the sum of eqs
22 and 23 and yields

Macromolecules, Vol. 35, No. 19, 2002

Al(q) =2
2 o of[2)2]76(ae — sin(ap)|?
Nm[(MWNag)(R) ] [ q3p3 S(q) +

A

— 3
K.CZ(Abz)z—l fqz = (24)

When concentration increases, the contribution of the
first term—characterized by a peak resulting from S(q)—
becomes negligible due to decreasing size and number
of monomers in the unperturbed regions of the coronas.
Then the scattered intensity is dominated by the second
term, which describes scattering due to local monomer
density fluctuation, just as in conventional semidilute
solution contribution, and does not exhibit any peak.
Clearly, at sufficiently high concentrations the main
contribution to the latter term is that from the “sea of
blobs”. This qualitatively explains the disappearance of
the scattering peak in the neutron scattering experi-
ments performed in pure heavy water in which scat-
tering is mainly due to PEO chains.

(b) PEO Matched Chains. If one considers now the
case where PEO chains are matched and the contribu-
tion to the scattered intensity is that of the micelle core
only, one can use the same eq 9 for the scattering
intensity with the same uniform sphere form factor of
the cores as in dilute solution, eq 10. We remark,
however, that the aggregation number N,y and, as a
result, the core radius R in the semidilute regime are
expected to be weakly increasing functions of concentra-
tion. The structure factor S(g) accounts now for the
interaction between partially overlapped and partially
interpenetrating coronas and must be the same as in
eq 24, if we compare the two types of experiments at
the same concentration. On other words, the value of
the effective radius of interaction Rns must be the same.

Finally, the scattered intensity by the cores Al¢(q) is
given by

Al(q) =
Ab? M 3
N, g M, |@R?

_ (sin AR, — qR,cos qRy)| S(a)
(25)

Figures 4 and 5 show the evolution of the scattering
intensities calculated from eqgs 25 and 24, respectively,
upon an increase in the polymer concentration. When
the PEO chains are not matched (eq 24, Figure 5), the
peak in the scattering intensity monotonically decreases
with increasing concentration. On the contrary, when
the PEO chains are matched (eq 25, Figure 4), the model
predicts a continuous increase of the scattering peak as
C increases.

Experimental Section

(1) Materials. (a) Preparation of Hydrophobically
End-Capped PEO. (i) a,o-Functionalized PEO (D32C16).
D32C16 was synthesized according to a method which differs
slightly from that given by Kaczmarski and Glass.*?

Hexadecyl isocyanate was reacted with the hydroxyl chain
ends of a,w-hydroxylated PEO (Fluka) in the presence of 1,4-
diazabicyclo[2.2.2]octane, DABCO, according to the following
experimental conditions.*® A 30 g amount of o,w-hydroxylated
PEO was purified by dissolving in toluene and precipitating
in ether and was then dried under vacuum. The reaction vessel
was dried and kept under nitrogen before and during use to
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Figure 4. Scattered intensity reduced by the concentration
calculated form eq 25, for matched PEO chains. The core
radius was considered as independent of C: R, = 30 A. The
interaction radius R, = Rpo(C*/C)*3. Curves a—d correspond
respectively to polymer concentrations 0.05, 0.1, 0.2, and 0.5
gmL™%
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Figure 5. Scattered intensity reduced by the concentration
calculated form eq 24, for unmatched PEO chains. The
interaction radius is Rn = Rnpo(C*/C)¥3, and the screening
length ¢ is calculated from the empirical law & = 1.73C068
determined by neutron scattering experiments on unmodified
PEO of molecular weight 32 000.%> Curves a—d correspond
respectively to polymer concentrations 0.05, 0.1, 0.2, and 0.5
gmL™%

eliminate traces of water, which react with the isocyanate.
Toluene (90 mL) used as solvent was heated at 80 °C over
sodium prior to being cryodistilled into a 500 mL three-necked
flask. PEO was introduced under nitrogen, and the mixture
was heated to 60 °C until the PEO completely dissolved.
DABCO (1% w/w with respect to the polymer) and an excess
of hexadecyl isocyanate (n = 3.8 x 1073 mol, 200% with respect
to the PEO chain ends) were introduced. The reaction medium
was maintained at 60 °C for 240 h to obtain complete
functionalization. The hot reaction mixture was then filtered
so as to eliminate reaction byproducts (urea) and diluted in
toluene to 10% w/w. The resultant polymer was precipitated
in ether and recrystallized twice from toluene.

The weight average molecular weight of the PEO precursor
(N32) was determined by UV spectroscopy!®#® and static light
scattering, SLS. It was thereby found that M, = 32 000. The
molecular weight distribution, or polydispersity index, was
measured by size exclusion chromatography: M,/M,, ~ 1.02.
N32 was also studied by neutron scattering experiments, and
since no indication of degradation occurred during the chemical
modification of PEO,* we will consider that M,, of D32C16 is
also 32 000 g mol .

(ii) Deuterated a,o-Functionalized PEO (D35CD18).
D35CD18 was obtained via the Williamson reaction of a
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deuterated octadecyl bromide on metalated PEO (obtained by
modification of the hydroxyl end groups of PEO with biphenyl
methyl potassium®).

The average molecular weight of the PEO precursor was

determined by UV spectroscopy®4® and SLS: M,, = 35000 g
mol~1. The index of polydispersity was measured by size
exclusion chromatography: M, /M, ~ 1.01.

(iii) a-Functionalized PEO (M16C16). Remark: By using
the same type of reaction on commercial samples as described
above, it is possible to prepare only o-methylated, w-hexa-
dedylated PEO starting from a-methylated, w-hydroxylated
PEO (Me-PEO-OH). No Me-PEO-OH is commercially available

with a molecular weight M, = 16 000 g mol~?, half of that of
D32C16. Moreover, for the mono(hexadeca) end-capped PEO,
it seemed better to have a polar —OH function at the other
chain end instead of a hydrophobic methyl group.

It was thought that the most effective and least expensive
route to poly(ethylene oxide) mono(hexadecyl ether) would be
via the anionic polymerization of ethylene oxide using the
initiator potassium hexadecyl oxide. The reaction could then
be terminated with HCI, thus giving rise to the —OH chain
end.

THF and toluene were distilled over their respective drying
agents under predried nitrogen prior to use. The preparation
of potassium hexadecyloxide was performed under predried
nitrogen. The polymerization of ethylene oxide was performed
using standard high-vacuum techniques.** Ethylene oxide was
distilled under vacuum into break-seals of predetermined size;
1-hexadecanol, acidified methanol, and 18-crown-6 were also
transferred into break-seals of predetermined size and sealed
under high vacuum. Methanol, hydrochloric acid (37% solution
in water) and 18-crown-6 were used as received. All chemicals
were supplied by Aldrich.

(iv) Synthesis of Potassium Hexadecyl Oxide. Into a
previously flame-dried and nitrogen-flushed Schlenk tube was
placed excess potassium (1 g, 0.026 mol) and THF (100 mL).
1-Hexadecanol (0.25 g, 1.03 x 1072 mol) was added and
dissolved into the THF at room temperature. A white precipi-
tate of potassium hexadecyl oxide slowly formed. After 18 h
of stirring, the precipitate was left to settle, and the THF was
removed with a syringe. The excess solid lumps of potassium
were carefully removed with tweezers. Vacuum drying of the
deposit over 18 h left a fine white powder (yield near 100%).

(v) Synthesis of Poly(ethylene oxide) Hexadecyl Ether.
A 250 mL reactor fitted with a magnetic stirring bar, magnetic
breakers, and break-seals containing ethylene oxide (13.6 mL,
12 g, 0.272 mol), potassium hexadecyl oxide (0.160 g, 5.70 x
104 mol), excess 18-crown-6 (0.3 g, 1.14 x 102 mol), and
acidified methanol (2 mL) was evacuated and flame dried.
Once THF (200 mL) was distilled into the vessel, it was sealed
under high vacuum. Potassium hexadecyl oxide and 18-
crown-6 were introduced and dissolved into the THF with
stirring at 70 °C for 36 h. The solution was then cooled to 30
°C, and the ethylene oxide was introduced (extreme care: the
ethylene oxide was first frozen with by applying liquid nitrogen
so that when the seal was broken, a rapid expansion of ethylene
oxide—which would rupture the vessel—could not occur). For
the first 24 h of the polymerization the solution was stirred
at 50 °C, after which the solution was stirred for 178 h at 70
°C. Addition of acidified methanol at room temperature caused
a visible increase in the solution viscosity.

The polymer was precipitated twice from THF (200 mL) into
diethyl ether (800 mL). The resulting fine white powder was
collected by centrifuge and dried under vacuum at room
temperature for 72 h to yield 10.9 g (91%).

(b) Characterization of Hydrophobically End-Capped
PEO. (i) *H NMR. Samples were dissolved in a 50/50 mixture
of CDCl3; and DMSO and filtered prior to characterization. *H
(400 MHz) NMR spectra were recorded on a Bruker AM-400
spectrometer. Residual hydrogen in deuterated chloroform was
used to reference *H shifts. NMR can be used to determine
the degree of functionalization and the average molecular
weight of the polymer.
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Characterization of M16C16 by *H NMR indicated, by
integration, that there was the expected 3/1 ratio of methyl
(0.8 ppm) to hydroxy (4.4 ppm) protons of the polymer end
groups. The relative ratio of end groups to ethylene protons

(3.5 ppm) indicated the polymer to have M,, of around 15 500
g mol2.

The degree of functionalization, 7, of D32C16 was indicated
by *H NMR by using a internal probe (hexamethylcyclotri-
siloxane)®!! of the main PEO chain: 7 = 100%.

(ii) Size-Exclusion Chromatography. Molecular weights
of M16C16 were obtained relative to polystyrene standards
using size exclusion chromatography, SEC, equipment sup-
plied by Waters. Determinations were carried out at 40 °C
using a bank of 4 columns (HR 0.5, 2, 4, and 6) of 300 mm x
5 um Styragel with an ERC INC 7515A refractive index, RI,
detector. THF was used as eluent at a flow rate of 1.0 mL
min~! using a Waters 2690 pump.

GPC analysis indicated that the polymer’s mass was higher

than that found by NMR (M, = 20 640, M /M,, = 1.06). The
discrepancy between the results of the 'H NMR and SEC
characterizations may be explained by the calibration of the
SEC being relative to polystyrene and not poly(ethylene oxide)
standards thus introducing a large error.

(2) Small-Angle Neutron Scattering (Sans). SANS
experiments were performed on PAXY spectrometer at Léon
Brillouin Laboratory (LLB, Paxi instrument, CEA, Saclay,
France) and at Laue Langevin Institut (Ill Grenoble, D11
intrument). Scattering ranges covered were 0.003 < g (A1) <
0.22 and 0.018 < q (A1) < 0.15, respectively. The temperature
was varied between 5 and 70 °C.

The scattered intensity 1(q) for a solution or solvent is given
by

I(@) =

((Is/(ETs)) - (Icv/(ech))) (dZ)

((Iwater/(eTwater)) - (Icv/(ech))) @ water( )

where (dX/dQ)water is the effective cross section of water, e is
the cell thickness, Is, Iy, and lyater are the scattered intensities
of the sample, the empty cell, and water, respectively (from
which the electronic noise measured with cadmium was
subtracted), and Ts, Tcy, and Twater are the transmitted intensi-
ties of the sample, the empty cell, and water, respectively.

The coherent contribution Al of a solute can be calculated
from the intensity scattered by the solution 1(q)solution, that
scattered by pure solvent 1(q)soivent, the solute volume fraction
@, and the incoherent contribution of the solute 1.

Al = I(q)solution -1~ q)p)l(q)solvent - (Dplinc(q) (27)

The incoherent contribution of the PEO chain was deter-
mined with a solution of pure PEO in water/heavy water
mixture where its coherent contribution was matched (17.6%
D,0).

The contrast factor is

Apz = (Psol - psolvent)2 (28)

where pso and psoivent @re the length scattering densities of the
part of the polymer considered (PEO chains or aliphatic end
groups) and of the solvent (heavy water or mixtures of water
and heavy water), respectively.

Samples M16C16 and D32C16 were studied in heavy water.
Sample D35CD18 (with deuterated end groups) was studied
in heavy water where the major contribution to scattering is
PEO chains. There was also studied a mixture of water/heavy
water (82.4/17.6% v/v) where PEO is perfectly matched at 25
°C. Due to the change in the molar volume of PEO, the
concentration of the water/heavy water mixture should be
slightly modified for studies as a function of temperature, but
it is shown below that this does not modify the qualitative
conclusion drawn from this study. The values the length
scattering densities are given in Table 1.
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Table 1.
chem structure 10%% (cm~?)
H>0 —0.56
D,0O 6.38
H>0/D;0 (82.4%/17.6%) 0.66
PEO 0.66
—CH» -0.31
—CH3s —-1.03
—CDy 7.53
—CD3 6.015
—(CH2)15CH3 -0.382
—(CD,)17CD3 7.39
Table 2.
Nag (no. of
CAC polymer chains Ce*
sample (@mL™1) for CAC < C < C¢¥) (gmL™Y)
M16C16 3 x 1074 34+3 0.05
D32C16 1x 1073 17 + 2 0.02
D35CD18 2 x 107 20+ 2 0.015

Results Obtained at Room Temperature and
Comparison with Theoretical Predictions

The three samples were already studied by different
other methods, and some characteristic parameters are
given in Table 2: CAC determined by fluorescence
(using pyrene as probe); aggregation number, Nag,
estimated from static and dynamic light scattering and
the concentration of “flower” or micelle overlap, C¢*,
which is close to C, at which the viscosity abruptly
increases.1011

The concentrations of the solutions ranged between
1 and 20% for M16C16 and D32C16 and between 1 and
35% for D35CD18. All the neutron scattering experi-
ments were performed at C > CAC and C¢*, except for
the lower concentration studied which is close to C¢*.

(1) Studies in Water/Heavy Water (17.6%/82.4%, vIv).
In the mixture water/heavy water (17.6%/82.4%, v/v),
scattering is only due to the micelles’ cores. Only the
semidilute system was investigated due to the relatively
small amount of scattering species present in the
solution. Generally, the scattering curves shown in
Figures 6a—d exhibit a first peak followed by a shoulder
at higher q values. The intensity Alnax increases linearly
with concentration, and Figure 7 shows that for
D35CD18 in water/heavy water (17.6%/82.4%, viv)
Almax/C remains constant over a broad range of concen-
trations. The positions of the peaks (gmax) are shifted
toward higher q values when concentration increases.
By considering the first peak as a Bragg peak, the gmax
value of the first peak gives an estimate of the average
distance between the centers of micelles D:

21

qmax

D= (29)

For micelle dispersions with constant aggregation
number, D is expected to vary as C~2 (with a = 1/3) and
Omax as C13, Figure 8 shows that the exponent a is equal
to 0.24, which is significantly lower than 1/3. This result,
consistent with those previously found,>® can be ex-
plained by an increase of aggregation number with
increases in concentration. We have recently shown that
the association mechanism of these polymers corre-
sponds rather well to a model of closed association.10.11
This model considers a given value of Nag which depends
on the lengths of PEO chain and aliphatic end groups.
Nag is expected to remain constant for CAC < C < C¢*
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Figure 6. Experimental (M) and calculated (—) scattering intensities for the semidilute solutions of D35CD18 in water/heavy
water (PEO matched) at four concentrations (5, 10, 35, and 50% for (a)—(d), respectively). The form factor of the core calculated

according to eq 10 is indicated by the dotted line.
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Figure 7. Magnitude of scattering peak reduced by the
concentration against the concentration for M16C16, D32C16,
and D35CD18 in heavy water and D35CD18 in the mixture
water/heavy water (PEO matched).

(C¢* being the concentration at which micelles or flowers
overlap), but it has been predicted that screening of the
repulsive interactions in the micellar coronas above C¢*
provokes an increase in Ngag.4*

The scattering curves obtained with D35CD18 in the
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Figure 8. Position of the peak in the scattering intensity
versus concentration in log—log scale for M16C16 (W), C32C16
(®), and D35CD18 (a).

Table 3.
concn (g mLY) 0.05 0.1 0.35 0.5
vol fraction @ 0.42 0.39 0.42 0.4
core radius R; (nm) 1.67 1.90 2.20 2.20
aggregation no. Nag 40 60 90 90
interaction radius Rps (nm) 130 100 80 70

(i) The aggregation number found through this fit is
not a constant but varies as approximately C%%, This

mixture D,O/H,0 were fitted by eq 25. The results are
shown in Figure 6. Equation 25 leads to goods fits and
well predicts the peaks and shoulders observed. More-
over the high q ranges of the curves which correspond
to the form factor alone are in reasonable agreement
with a form factor for uniform spheres. This confirms
previous analysis of analogous results obtained with
other systems. In Table 3, the values of the three
parameters of these fits, R, Rps, and ®, are shown.
Several observations can be made:

result is quite consistent with the variation as C~925 of
the intermicellar distance instead of C=%33, This con-
firms the growth of the micelles with increasing C above
Cs*.

(i) The interaction radius Rps decreases when con-
centration increases as C70-25,

(iif) The volume fraction is quite independent of
concentration and always close to 0.4.

(iv) The two last points justify weak interpenetration
of coronas at C > C¢*, which enables one to use the
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Figure 9. Scattered intensity for monofunctionalized PEO
(M16C16) in heavy water, at different concentrations at room
temperature. Lines are guides for the eye.
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Figure 10. Scattered intensity for difunctionalized PEO

(D32C16) in heavy water, at different concentrations at room
temperature. Lines are guides for the eye.

model of effective hard spheres for the modeling of the
intermicellar repulsion.

(2) Studies in Heavy Water (Core +Corona). In
heavy water, we measured the scattering from the
complete micelles (PEO chains + aliphatic end groups).
Due to the very low weight fraction of end groups in
these molecules, it is easy to show that the main
contribution is that of PEO chains.

(a) Experimental Results. Figures 9 and 10 show
the variations of Al versus q, for different polymer
concentrations including dilute and semidilute regimes,
for the polymers M16C16 and D32C16.

As already observed,>® these curves are completely
different from those obtained for semidilute solutions
of nonmodified linear polymers and exhibit a shoulder
(at lower concentrations) or a peak (at high concentra-
tions) at gmax- Omax IS shifted toward high q values when
the concentration increases, as in the previous case. This
behavior indicates the strong repulsion between the
PEO micelle or “flower” corona, due to the fact that PEO
is in good solvent at this temperature. Figure 8 shows
that the exponent a is equal to 0.24 and 0.29 for M16C16
and D32C16, respectively, and is close to that obtained
for D35CD18. This confirms the increase of aggregation
number with increases in concentration.

As seen in Figures 7, 9, and 10, the intensity at the
top of the peak Alnax passes through a maximum when
concentration increases. In Figure 7, we have presented
the variation of Alyya/C versus C for M16C16, D32C16,
and D35CD18 in heavy water. Similar behaviors are
observed in the three cases with Alnax tending to zero

Macromolecules, Vol. 35, No. 19, 2002
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Figure 11. Scattered intensity for monofunctionalized PEO
(squares) and difunctionalized PEO (circles) at 1.5% (full
symbols) and 20% (open symbols). Lines are guides for the eye.
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for C > 0.15 g mL~1. This does not indicate a disap-
pearance of the solution order, but in agreement with
the theoretical predictions, this phenomenon is due to
the overlapping of micelles or flowers and for C > C¢*,
a behavior close to that described for a semidilute
solution of polymer is expected.

As M16C16 and D32C16 have the same hydrophobic/
hydrophilic balance, it is interesting to compare the
obtained scattering curves for each at the same concen-
tration (Figure 11). At lower concentrations, 0.015 g
mL 1, the excess scattered intensity at small q is much
higher for D32C16 than for M16C16. We could attribute
this difference to the presence of solution heterogeneities
(aggregates) for D32C16. We have already shown by
light scattering that in this range of concentration,
above CAC but below C¢*, the formation of bridges is
necessarily associated with the formation of flower
aggregates.1®1! For the higher concentration 0.2 g mL™1,
the curves of D32C16 and M16C16 are not super-
imposed and a shift to high g value is observed for
D32C16 with respect to M16C16. This suggests that the
aggregation number of D32C16 is lower than that of
M16C16. Moreover in the higher g range, a shoulder
appears for M16C16 and is absent for D32C16.

(b) Comparison with Theoretical Predictions. (i)
Dilute Regime C < Cy¢*. The calculated and experi-
mental curves obtained with the monofunctionalized
sample M16C16 at C; = 0.015 g mL~! are compared in
Figures 12a. From previous measurements on the same
polymer, one can conclude that C; < C¢*. Indeed, from
static light scattering and neutron data, a value of 34
was found for Nag and dynamic light scattering has
provided a value of the hydrodynamic radius Ry of 15.5
nm. By using for C¢*

M,N
Cer = 4W—a93 (30)
§.7TNARH

one finds C¢* = 0.05 g mL™1, a value much higher than
Ci. The form factor calculated from eq 14 is presented
in the insert of Figure 12a. Even in the high g range,
where S(q) is expected to be close to 1, the fit of the
experimental results is poor. This shows that it is
necessary to take into account correlated fluctuations
of the monomer density inside the micellar coronas
(second term of eq 11). Figure 12a shows that eq 11 fits
reasonably well the experimental Al(g) values. The
value of Nag introduced in the calculations was 34, as
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Figure 12. Comparison between experimental results for
M16C16 (1.5%) (a) and D35CD18 (1%) (b) (®) and theoretical
calculations according to eq 11. (=) Full eq 11 with S(q)
calculated from eq 5. Insert: S(q) = 1; without (®) and with
(-++) taking into account the local fluctuations of polymer
density in the corona (second term in eq 11).

previously obtained, and the value of the volume frac-
tion was deduced from Ny using eq 8. The best fit
(Figure 12a) in the whole range of g was obtained using
R = 18 nm (form factor) and Rns = 14 nm (structure
factor), values close to that of the hydrodynamic radius
Ry = 15.5 nm.

Our previous light scattering experiments have shown
that the aggregation number of D32C16 flowers for C
< C¢* corresponds to 17 molecules of M,, = 32 000 g
mol~! or 34 “half” molecules of M,, = 16 000 g mol~1.
The simple form factor of star, P(q), does not give so
good a description of the high g ranges of the curves as
the corrected P(g) function (eq 11) as for M16C16
(Figure 12b). Besides, the calculated Al function well
fits the whole scattering curve.

Hence, in the dilute regime, the scattering behavior
of the micellar solution is consistent with a model using
a form factor of polymer stars supplemented by the term
reflecting the density fluctuations inside the micelles
and a structure factor for hard spheres, the interaction
radii being close to the micelle radii.

(if) Semidilute Regime. In Figure 13, the fits
obtained by using eq 24 for the difunctionalized sample
D32C16 at two concentrations (0.1 and 0.2 g mL™1) are
shown. Initially, we calculated the value of p using the
theoretical eqs 15—17. This corresponds to 4.8 and 3 nm

Hydrophobically Modified Poly(ethylene oxide) 7445

for 0.1 and 0.2 g mL~! dispersions, respectively. These
values do not give a good fit for the experimental curves.
Then we kept p and Rps as adjustable parameters and
obtained the results presented in Figure 13. The fol-
lowing parameters were drawn from these fits:

C=01gmL™" p=6.0nmand R, =9.5nm;
C=02gmL ' p=48nmandR, =7.7 nm.

The value of Rps at C = 0.1 g mL~1 is very close to
that found for sample D32CD18 in the mixture H,O/
D,0, Rps = 10 nm, D32C16 and D35CD18 being samples
of similar hydrophobic/hydrophilic balance.

The fact that the values of p are higher than those
calculated directly from eqs 15—17 may be due to the
fact that we used a star model under © conditions even
while the radius of micelles, R, was the true radius
measured by light scattering. In fact, at room temper-
ature water is a rather good solvent for PEO. The value
of Rps is much higher than p. This indicates weak
interpenetration of the micellar coronas at concentra-
tions slightly exceeding the overlap concentration C*.
Therefore, a simple model of effective hard spheres can
lead to good fit for the structure factor of the solution
of micelles at higher concentrations. At a higher degree
of overlap, the radius of noninterpenetrated internal
regions of the corona could be considered as an effective
interaction radius. The volume fraction of interacting
micelles @ calculated from the values of Rys providing
the best fit is virtually independent of polymer concen-
tration (0.39 and 0.42 for 0.1 and 0.2 g mL 1 respectively).
This may be attributed to a compensation of the effect
of increase of the number of micelles which should tend
to increase ® and the overlap of the micelles, which
leads to stronger interpenetration of the coronas.

It must be noted that, in our calculations, we have
not taken into account either the wavelength spread of
the neutron beam or the micelle polydispersity.

(3) Temperature Effects. It is well-known that the
aqueous PEO solutions exhibit phase diagrams char-
acterized by a lower critical solution temperature,
LCST,* phase separation occurring with increasing
temperature and for a PEO with an infinite molecular
weight the © point is 100 °C. This means that the
solvent quality of water decreases and as consequence
the radius of gyration of a PEO chain decreases with
heating. The evolution of the scattering intensity versus
temperature should constitute a qualitative check of our
theoretical approach. An increase of temperature is
expected to increase the scattered intensity at the peak
due to decreasing interpenetration of the coronas, when
PEO chains are not matched. A different behavior
should be observed when PEO is matched.

Figure 14 allows the comparison of the evolution of
scattering curves for the same polymer (D35CD18 at
0.35 g mL™! that is larger than C*) in heavy water or
in the mixture water/heavy water (17.6%/82.4%, v/v).
Figure 14a shows that a peak absent in heavy water at
25 °C reappears at 53 and 72 °C. The inverse behavior
is obtained in the solvent mixture: Almnax decreases upon
increasing T, and moreover, the second peak, which is
well pronounced at 25 °C, appears only as a shoulder
at 53 and 72 °C. This result is in agreement with
previous observations for a PEOM of lower molecular
weight (4000 g mol~1) with two end groups of 12
carbons; the X-ray scattering curves exhibit up to 6



7446 Beaudoin et al.
4
3,5
¢ D32C16 10%
3 1 O N32 10%
— model
2,5
f,_ 2
1,51
14
*
0,5
00000000ononog
0 T . -
0 0,05 0.1 0,15
-1
q(A")

0,2

Macromolecules, Vol. 35, No. 19, 2002

4
3,5 ¢ D32C16 20%

3 0 N32 20%
25 - “—model

21
1,5 1

1
0,5

0 DCIDDUI?EIDDDDUEIE{DDD [

0 0,05 0,1 0,15 0,2
q (A"

Figure 13. Experimental (®) and calculated (—) scattering intensity for the semidilute solutions of D32C16 and N32 in heavy

water at two concentrations (10 and 20%).
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Figure 14. Evolution of the scattering curves (Al versus q)
with temperature for D35CD18 at 35% in heavy water (a) and
in a mixture of water/heavy water (PEO matched) (b).

narrow peaks at room temperature, and at T > 45 °C,
only two broader peaks are observed.” For such systems,
order—disorder transitions occur with heating, a behav-
ior completely different from that observed with ethyl-
ene oxide/propylene oxide, EO/PO, associative copoly-
mers. It becomes obvious that the reappearance of a
peak in Figure 14a is not related to a better organization
in the system but simply to a smaller degree of overlap
of the PEO corona of the micelles.

Remark: We have not considered the variation of
molar volume of PEO, Vpgo, with temperature. In heavy
water, an increase of Vpgo of less than 10% is expected
in the range of temperature 25—70 °C. The increase of
scattered intensity in much higher than 20%. In the case
of solvent mixture, the change in Vpgo should induce a
poorer matching conditions (at 70 °C, the good matching
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Figure 15. Variation of the magnitude of the peak in the
scattering intensity versus concentration for D35CD18 at three
different temperatures 25 °C (#), 53 °C (d), and 72 °C (a).
Lines are guides for the eye.

mixture should be approximately water/heavy water
18.4/81.6% v/v). The contribution of the PEO chains
should become more important, and the scattered
intensity should increase and not decrease. One can
conclude that the evolutions of the spectra with tem-
perature are really due to changes in physical behaviors.
The evolution of scattering curves with temperature
was also studied at various concentrations for D35CD18
(10%) in heavy water. In Figure 15, Imax is plotted versus
concentration at three different temperatures. All the
curves exhibit a maximum at a concentration which
increases when temperature increases. This maximum,
which roughly corresponds to the flower overlap, is
shifted toward higher values with increments in tem-
perature. Qualitatively speaking, two effects can be
taken into account: (i) There is decreasing repulsion
between PEO chains, and therefore, the aggregation
number of micelles is expected to increase. (ii) The
corona radii decrease due to the loss of solvent quality.
Since C* O (M, Ngg)/Rgs®, C* should be an increasing
function of temperature as observed in Figure 15.

Conclusion

This work presents neutron scattering studies of
solutions of hydrophobically end-capped poly(ethylene
oxide) which self-associates to form micelles or “flowers”
(in the case of one or two hydrophobically modified ends,
respectively) and an attempt to model the resulting
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scattering curves. The observed scattering behavior is
consistent with that predicted theoretically on the basis
of analogy between the structure of the micellar solution
and the solutions of starlike polymers.

In the dilute regime the structure factor of the
micellar solution reflects repulsive steric interactions
between coronas of the micelles swollen in a good
solvent. These repulsive interactions can be mimicked
by the hard sphere potential with an effective interac-
tion radius which is close to the hydrodynamic radius
of micelles. Together with the form-factor calculated by
taking into account the power-law radial dependence
of the polymer density in the micellar corona, the
equivalent hard sphere structure factor provides a good
fit of the experimental data.

The analysis of the scattering curves obtained in the
semidilute regime (above the overlap concentration of
micelles) for both one-and two-end-modified polymers
indicates that (i) micelles are organized in a liquidlike
ordered structure and (ii) the effective interaction radius
scales with concentration as the distance between
centers of the micelles. Altogether this confirms weak
interpenetration of the coronas of micelles in a wide
range of concentration, corresponding to semidilute
solution. Our data confirm an increase in the aggrega-
tion number upon an increase in concentration, which
is expected due to partial screening of the repulsive
interactions in the coronas. A decrease in the magnitude
of the interaction peak in the scattering intensity upon
an increase in concentration is explained by an increase
of the relative contribution of local fluctuations of the
polymer density (similar to that in semidilute solutions
of linear chains) to the overall scattering and, cor-
respondingly, decrease in the relative contribution of
correlated fluctuations in the positions of micelles.

The latter observation is consistent with the effect of
increasing temperature (decreasing solvent strength) on
the scattering curves: partial collapse of the micellar
coronas due to decreasing solvent strength leads to the
shift of the overlap concentration and, therefore, to the
decrease in the degree of overlap of micelles at a given
concentration (exceeding C*). Therefore, the scattering
peak disappears with increasing temperature provided
the micellar coronas are not matched, while the opposite
effect is observed in case of matched coronas.

The behavior of the micellar solution is the same for
mono- and difunctionalized polymers with the same
hydrophilic hydrophobic balance. The shift of the inter-
action peak position to higher g values in a semidilute
solution of difunctionalized chains may indicate the
contribution of the bridging attraction to the interaction
between the micelles.
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