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Structural changes of poly„butadiene…-poly„ethyleneoxide… diblock-copolymer micelles induced
by a cationic surfactant: Scattering and cryogenic transmission electron microscopy studies
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Micelles of the diblock copolymer poly~butadiene!-poly~ethyleneoxide! (B40-b-EO62) and mixed micelles of
this polymer with the cationic surfactant dodecyltrimethylammonium bromide (C12TAB) were investigated
using static and dynamic light scattering and small-angle neutron scattering. It is shown that the surfactant
induces a major structural change from large mainly rodlike aggregates to smaller spherical mixed micelles.
The rodlike assemblies found in the absence of surfactant have a contour lengthL of ca. 500 nm and a diameter
d '30 nm. The spherical mixed micelles obtained upon addition of C12TAB possess a hydrodynamic radius of
15 nm and still contain several polymer molecules. The results of the scattering experiments are consistent with
observations of the aggregates by cryogenic transmission electron microscopy.
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I. INTRODUCTION

Self-assembly phenomena in colloidal@1–5# and
polymer-based systems@6–8# have attracted much attentio
in recent years. A multitude of different microstructures w
found in solutions of block copolymers@6,9–11# and there is
growing interest in using them as templates for the prep
tion of mesoscopically structured organic or inorganic hyb
materials@12–18#. To our knowledge, most studies of nan
casting start from spherical particles, but recently mater
based on ordered three-dimensional arrangements of c
ders were also prepared@8#. However, not much is known
about the control of the structuring process, especially in
case of polymer-based systems and cylindrical shapes.
most important parameters for the control of micellar sha
in diblock-copolymer solutions appear to be the cro
sectional area of the hydrophilic chain~‘‘head group’’! and
the ratio of the lengths of the two building blocks. This
similar to the situation in solutions of low-molecular-weig
surfactants. For several nonionic surfactants~e.g., the group
of alkyl oligo ethyleneoxide CiEj ), the area per head grou
is changed with temperature~due to a change in hydration!
and thus the micelles transform from spherical to worml
shape as the temperature is increased in the isotropic sol
phase of the phase diagram@19–21# as the temperature i
increased. In the case of diblock copolymers containin
charged block, the structure of the micellar aggregates ca
controlled by the addition of salt and transitions from sphe
cal micelles to rodlike and wormlike structures have be
observed at high salt concentrations@22#.

In the present paper, a different approach to the contro
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the self-assembly process found in diblock-copolymer~BCP!
solutions is presented. By addition of low-molecular-weig
amphiphiles to such a polymer solution, it is possible to a
the packing parameter in the micellar structures. This
called concept of comicellization was already used bef
using the anionic surfactant sodium dodicyl-sulfate~SDS!
~see Refs.@23–26# and references therein! and especially in-
teresting is its application in the preparation of microem
sions @27,28#. In microemulsions, addition of copolymer
can largely reduce the necessary amount of surfactan
solubilize the added oil.

In the present study, we focus on the change in sh
upon addition of the cationic low-molecular-weigh
surfactant dodecyltrimethylammonium bromide (C12TAB)
to rodlike, large poly~butadiene!-poly~ethyleneoxide!
(B40-b-EO62) micelles. Preliminary results obtained with
PB-PEO diblock copolymer of slightly different block lengt
have been reported in a recent paper@29#. Here, we present a
more quantitative analysis of the observed structures usin
combination of elastic and inelastic scattering techniqu
Moreover, the observed scattering behavior will be used
characterize the structures with regard to their shape by
plying rather simple hydrodynamic model calculatio
@30–34#. Additionally, the occurring structures are direct
visualized by cryogenic transmission electron microsco
~cryo-TEM!.

II. THEORY

A. Small-angle neutron scattering„SANS…

Small-angle scattering curves obtained from solutions
particles exhibiting a low polydispersity can be represen
by

I ~q!5A~ r̄2r0!2V2NS~q!P~q!, ~1!
ic
©2003 The American Physical Society06-1
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where the interparticle structure factorS(q) and the particle
form factor P(q) are functions of the scattering vectorq
given by

q5
4p

l
sinS u

2D , ~2!

with u the scattering angle andl the neutron wavelength.r̄
is the scattering length density of the particles,r0 that of the
solvent.N is the particle number andV their respective vol-
ume. The constantA contains experimental factors. For lo
concentration and intermediate or large values ofq, the in-
terparticle structure factorS(q)'1 and therefore the analy
sis of the experiments has mainly to deal with the parti
form factor @35,36#.

Some information about the shape of the dibloc
copolymer aggregates is revealed by the determination o
scattering exponenta in the low-q regions of the experimen
tal data, where

I ~q!}
1

qa
. ~3!

One expectsa to be 0 for spheres, 1 for rodlike shapes, a
2 for flat structures@37#. In addition, a Guinier analysis ca
be performed in the intermediateq region of the spectra
(qR'1) using the equation

I ~q!}exp~2q2L!. ~4!

In this relation,L is a length scale parameter, which can
connected with the respective scattering aggregate byL
5Rg

2/3 for spheres and byL5Rcs
2 /2 for rodlike objects,

whereRg is the radius of gyration of the sphere andRcs is
the cross-sectional radius of the rod@37,38#. A complete de-
scription of the scattering curves can be achieved by fitt
or simulating the entire experimental data using analyt
expressions for the form factorP(q). In the present study fo
spherical aggregates exhibiting a low polydispersity, an a
lytical solution of the integral

Ps,R0
~q!5

9

A~2ps2!
E

0

`Fsin~qR!2qRcos~qR!

~qR!3 G 2

3expS 2
~R2R0!2

2s2 D dR ~5!

was used for the fitting procedure. The polydispersity
modeled by a Gaussian distribution@39#. For a sample con-
taining two different well-defined populations of spheric
particles at low concentrations, the scattering curves can
described by a simple sum of two of these form factor c
tributions @again neglecting influences fromS(q)].

A third more general way to obtain information from th
small-angle scattering curves, which was used in this wo
is the generalized indirect Fourier transformation method
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veloped by Glatter@40–43#. This numerical approach di
rectly yields the pair distribution functionp(r ) of the scat-
tering particles.

B. Light scattering

1. Static light scattering (SLS)

The static scattering from a liquid arises from inhomog
neities due to fluctuations of the density or the concentra
c @44#. For rather small particles, an analysis of the an
dependence of the scattered intensity can yield the radiu
gyrationRg of the particles. Commonly, the static light sca
tering data can be analyzed based on the relation

Kc

Ru
5

1

M
12Bc, ~6!

whereRu is the Rayleigh ratio@45# andK contains all optical
properties of relevance for the experiment. The above
valid for particles withRg!l. For larger particles a form
factor has to be taken into account,

Kc

Ru
5

1

P~u! F 1

M
12BcG . ~7!

Using the Debye approximation for the form factorP(u) is
the basis for the so-called Zimm plot, which can be appl
to extractRg and the apparent molar mass from the sta
light scattering data@44#. The molar mass yields the aggre
gation number of the aggregates.

For large particles, the approach described in Sec.
can be applied using Eq.~7! to obtainP(u) by extrapolation
to zero concentration. In this work, the SLS form fact
curves of the pure diblock-copolymer solutions are fitted
ing the Koyama form factor for stiff chain molecules o
structures@46#.

2. Photon correlation spectroscopy

The normalized electrical field autocorrelation functio
g1(t) contains the information about the dynamics of t
scattering system.g1(t) can be computed from the respe
tive intensity time correlation functiong2(t) by the Siegert
relation. In the case of a monodisperse ideal sample,g1(t) is
represented by a single exponential:

g1~t!5exp~2Gt! ~8!

with G5DTq2, DT the translational diffusion coefficient
and q the scattering vector@47–49#. Normally, samples are
polydisperse and the decay of the correlation function m
be described by a weighted sum of exponentials,

g1~t!5E
0

1`

G~G!exp~2Gt!dG, ~9!

where G(G) is the distribution function of the relaxatio
rates.

An analysis of this distribution of relaxation rates can
performed using the method of cumulants@50#, the analysis
6-2
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by an inverse Laplace transformation of Eq.~9! by the use of
theFORTRAN programCONTIN @51,52#, or by the ORT proce-

dure suggested by Glatter@40,41#. From the mean valueḠ
one obtains the translational diffusion coefficientDT,

Ḡ5DTq2, ~10!

and the hydrodynamic radiusRh making use of the Stokes
Einstein equation,

DT5
kT

6phRh
, ~11!

with h being the viscosity andk the Boltzmann constant. Th
equivalent equation for the rotational diffusion coefficie
DR has the form

DR5
kT

8phRh
3

. ~12!

The dependence onRh
3 makesDR more sensitive to structura

changes compared toDT.
For weakly interacting particles and low concentratio

the concentration dependence ofDT can be described by

Dexp
T 5D0

T~11kD@C# !, ~13!

where the diffusional virial coefficientkD includes thermo-
dynamic and frictional effects onDexp. For stronger interac-
tions, this linearization may not hold.

C. Hydrodynamic models

Several models are available for the calculation of
transport properties of anisometric structures. The earlies
these was the Perrin description of symmetrical ellipso
@32–34#. For prolate~cigarlike! particles, the transport coef
ficients for rotational and translational motions are connec
with molecular dimensions by

DT5
kT

6phRh
F~r!, ~14!

DR5
kT

8phRh
3 F2

3 S ~22r2!F~r!21

~12r4!
D G , ~15!

wherer[b/a is the axial ratio of the ellipsoid.a denotes the
length of the major axis of the particle andb is the length of
the two minor axes.

Hence, these relations are corrections of the Stok
Einstein equations for translational and rotational diffus
using a frictional form factor given by

F~r!5~r221!21/2arctan@~r221!1/2#. ~16!

For cylinders, several different descriptions are availa
starting with the approach by Riseman and Kirkwood@53#
based on the modeling of the rod by a linear assembly
spherical beads leading to
01140
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DT5
kT

3phL
lnS L

dD ~17!

and

DR5
3kT

phL3
lnS L

dD . ~18!

Here,L and d represent the length and the thickness of
cylinder. According to this model,

DR5
9DT

L2
. ~19!

A second model for cylinders withL/d>9 was derived by
Broersma@30,31#. However, this model does not provide
significantly better representation of the data than
Kirkwood-Riseman approach, even in its corrected fo
@54#. A further approach for the description of transport pro
erties of cylinders in solution is the model presented by
rado and Garcia de la Torre, which is valid for the region
<L/d<20 @55–57#. In this model, the translational diffusio
coefficient is connected to the particle dimensions by

DT5
kT

3phL F lnS L

dD1nTG ,
nT50.3121

0.565

L

d

2
0.100

S L

dD 2 . ~20!

A similar equation was derived for the rotational diffusion

DR5
3kT

phL3 F lnS L

dD1nRG ,
nR520.6621

0.917

L

d

2
0.050

S L

dD 2 . ~21!

The transport coefficientsDT and DR can be connected by
defining the function

zS L

dD5S 9ph

kT D 2/3 DT

~DR!1/3
. ~22!

All the above models allow for a determination of the m
lecular dimensions, when both diffusion coefficients a
known or may be used to determine the length or thickn
of the formed aggregates as by adjusting the values to re
duce one of the measured diffusion coefficients. This is u
ful in cases when the rotational diffusion coefficient is n
available.
6-3
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III. MATERIALS AND METHODS

A. Sample preparation

1. Synthesis and characterization of B40-b-EO62

The poly~butadiene!-b-poly~ethyleneoxide! block copoly-
mer B40-b-EO62 was prepared by sequential anionic po
merization of 1,3-butadiene (278 °C) and ethyleneoxide
(140 °C) in tetrahydrofuran withsec-butyllithium/t-BuP4
phosphazene as the initiator@58#. For purification, the aque
ous solution of the crude material was thoroughly wash
with the strongly acidic cation exchanger DOWEX 50WX
100~Sigma! to extract protonatedt-BuP4 traces, ultrafiltrated
with bidistilled water~molecular weight cutoff: 103 Da!, and
freeze dried@59#.

The microstructure of the PB segment is 90%trans-1,2
and 10%trans-1,4 as revealed by1H nuclear magnetic reso
nance ~NMR! ~400.1 MHz, 25 °C, CDCl3). The average
number of B units~40! was determined by size exclusio
chromatography~SEC! @eluent, CHCl3 at a flow rate of 1
ml/min; columns, 3030.8 cm2; 5-mm MZ-SDplus, 103,
105, 106 Å; detectors, UV and RI; calibration, poly~1,2-
butadiene!# on the PB precursor sample, which was tak
from the polymerization reactor prior to EO addition. Fro
the number of B units and the mole fraction of EO in t
copolymer ~0.608, 1H NMR!, the average number of EO
units was calculated to be 62. The apparent polydisper
index ~ratio of weight- to number-average molecul
weights,Mw /Mn , of the copolymer is 1.07~SEC!.

2. Other materials

The cationic surfactant C12TAB was purchased from Ald-
rich Chemicals and used without further purification~purity
>97%).

High purity water from a Milli-Q water purification sys-
tem by Millipore/Waters was used as the solvent for all lig
scattering experiments. For neutron scattering experime
the samples were dissolved in D2O from Sigma Fine Chemi-
cals ~isotopic purity>99.8%).

3. Samples for light scattering experiments

Samples were prepared by dilution of the original aque
solution of 2 wt % of the block copolymer to a stock solutio
of 0.2 wt %, which was further diluted to obtain sampl
with the polymer concentrations 0.2, 0.16, 0.12, 0.08, 0.
and 0.02 wt %. Surfactant was added to the solutions in
different ways, hereafter denoted as methodsA andB.

Method A. Pure surfactant was added to a small volume
the original polymer solution to obtain a surfactant conc
tration above the critical micellar concentration~CMC!. This
solution was diluted by water to the stock solution of po
mer concentration 0.2 wt % and a surfactant concentra
below the CMC. The resulting stock solution of the mix
system~block copolymer plus surfactant! was then further
diluted to investigate the concentration dependence of
aggregate structures by light scattering.

Method B. The surfactant was added to the 0.2% sto
solution of the polymer in such a way that the surfact
concentration in the samples never exceeded the CMC.
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respective samples prepared by methodsA or B had the same
concentrations of polymer and surfactant, and differed o
in the way of preparation.

All samples for the light scattering experiments except
pure polymer solutions were directly filtered into dust-fr
cylindrical quartz cells with an inner diameter of 0.8 c
using filters with a pore size of 200 nm~Schleicher &
Schuell, Spartan 30/0.2 RRC!. The pure polymer solutions
were not filtered because of their high viscosity and in or
to avoid a change of the concentration by filtration.

In this work, the concentrations of block copolymer a
surfactant are expressed by the polymer mass concentr
and the ratio of the mass concentration of surfactant
block copolymer, given as the ratior m defined by

r m5
@CC12TAB#

@Cpolymer#
. ~23!

4. Samples for SANS

For the neutron scattering experiments, only the 2 w
samples prepared according to methodA without dilution
were used. In SANS experiments diluted samples would
hibit a very low scattering intensity, which leads to unacce
ably high measuring times. Therefore, in contrast to
samples for light scattering experiments, these samples w
not diluted. That is why in these samples, the concentra
of the low-molecular-weight surfactant is above the CMC

Scattering contrast for the small-angle neutron scatte
experiments was generated by making use of D2O as the
solvent.

B. Cryo-TEM

The samples for cryo-TEM were prepared at room te
perature by placing a droplet (10m l) of the polymer solution
on hydrophilized perforated carbon film grids~60-s plasma
treatment at 8 W using a BALTEC MED 020 device!. The
excess fluid was blotted off to create an ultrathin layer~typi-
cal thickness of 100 nm! of the solution spanning the hole
of the carbon film. The grids were immediately vitrified
liquid ethane at its freezing point (2184 °C) using a stan-
dard plunging device. Ultrafast cooling is necessary for
artifact-free thermal fixation~vitrification! of the aqueous so
lution avoiding crystallization of the solvent or rearrang
ment of the assemblies. The vitrified samples were tra
ferred under liquid nitrogen into a Philips CM1
transmission electron microscope using the Gatan cryoho
and stage~model 626!. Microscopy was carried out a
2175 °C sample temperature using the microscopes’
dose protocol at primary magnifications of 58 300x ~see Fig.
1! or 33 000x ~see Fig. 2!. The defocus was chosen to b
1.2 mm corresponding to a first zero of the phase contr
transfer function at 2.1 nm.

C. Light scattering

1. Photon correlation spectroscopy

Light scattering measurements were performed us
commercial equipment for simultaneous static and dyna
6-4
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light scattering experiments from ALV-Laservertrieb
gesellschaft~Langen, Germany!. The light source employed
was the green line (l5532 nm) of a Coherent Compas
315M-150 frequency doubled diode pumped solid state la
operating with a constant output power of 150 mW. Te
perature control of the samples better than 0.1 K w

FIG. 1. Cryo-TEM micrographs of a 0.1 wt % pure polym
solution. The lettersA and B indicate two different preparations
Two micellar species can be identified: long wormlike or rodli
particles and smaller spherical structures. The diameter of the
like particles is'33.4 nm. The diameter of the spherical particl
is '38.2 nm. The spherical micelles exhibit a rather low polyd
persity.~The black bar represents 100 nm.!

FIG. 2. Cryo-TEM micrograph of a solution containing bot
polymer and C12TAB (C12TAB concentration below the CMC!.
Only spherical micelles are observable. The total diameter of
micelles is ca. 33.5 nm.~The black bar represents 100 nm.!
01140
r,
-
s

achieved using a toluene bath connected to a Lauda R
thermostat. The toluene also served as an index matc
bath. The scattered light was detected with a photomultip
tube~Thorn EMI! mounted on a goniometer arm, operated
single-photon-counting mode. The preamplified fluctuat
intensity signal was then time autocorrelated using
ALV-5000 multiplet hardwire correlator~256 channels, first
lag time 200 ns!. Dynamic light scattering~DLS! experi-
ments were performed in an angular range of 30°,u,150°.

2. Static light scattering

For the static light scattering~LS! experiments, the static
~integrated! intensity was normalized to the primary bea
intensity and brought to an absolute scale by using a tolu
reference for calibration@45#. Consequently, the primary
beam intensity had to be monitored, which was done
means of a beam splitter and a four-segment photodio
Static LS measurements were carried out in an angular ra
of 20°,u,150°, corresponding to a scattering vector ran
of 0.008,q,0.03 nm21. The refractive index incremen
dn/dc, which is needed for the calculation of the contra
factor K, was measured with a commercial refractome
~Baur Electronics!.

D. Small-angle neutron scattering

Small-angle neutron scattering experiments were car
out at the ‘‘Laboratoire Le´on Brillouin–Laboratoire Com-
mun CEA-CNRS’’ ~LLB ! using the PAXY machine. This
small-angle scattering machine is installed on the neut
guide G2~cold source! of the Orphe´e reactor and was de
signed for high resolution inq space. Making use of a me
chanical selector, the neutron wavelengths were chosen t
6 Å, 10 Å, and 12 Å. The wavelength spread was'610%.
All measurements were made at three sample to dete
distances~1.05 m, 3.20 m, and 6.70 m! changing the wave-
length and the sample to detector distance simultaneo
and therefore covering aq range from 0.004 Å21 to
0.347 Å21. The data were collected on a two-dimension
multiwire detector containing BF3. For more details of the
experimental setup, see the relevant publications of the L
~e.g., Ref.@60#!.

The raw data were corrected for the efficiency of the d
ferent detector cells using a water spectrum and then,
cause of the isotropic character of the scattering from
diblock-copolymer solutions or copolymer-surfactant m
tures, they were circularly averaged. After correction for t
scattering of the solvent and the empty cell, the data w
brought to an absolute scale. Calibration of the data w
done according to the procedure described by Cotton@61#.
This calibration is based on the determination of an atten
tion factor of the primary beam intensity. All the data redu
tion steps described above were done using software
vided by the LLB.

IV. RESULTS AND DISCUSSION

A. Cryo-TEM

1. Pure polymer solutions

Two cryo-TEM images of a 0.1 wt % pure polymer sol
tion are presented in Figs. 1~a,b!. Both images show long
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wormlike or rodlike micelles that coexist with spherical m
celles, but the numbers of the two species are markedly
ferent in the two images. A qualitatively similar morpholog
has been found for 0.02 and 0.2 wt % polymer solutions
particular, the coexistence of spherical and wormlike m
celles exhibiting comparable geometry and size has b
confirmed. The wormlike micelles tend to be disposed pa
lel to each other and the spherical micelles fill the remain
space, either arranged in strings of pearls or in regular h
agonal arrays. Similar ordering effects were observed
Zhenget al. @62# in other BCP systems and were explain
by the miniscuslike thickness gradient of the sample lay
induced in the blotting process, in which the aggregates
forced away from the thin central region towards the thic
edges. As a consequence, all aggregates are brought
close packing. An intriguing finding of this arrangement
aggregates is that the next-neighbor distance is nearly
stant. This observation may be explained by postulating
outer shell of low contrast surrounding the high-contrast c
of the aggregates and that the ordered packing of the ag
gates results from a close packing of shells. An estimate
the size of the two blocks of the polymer shows that
high-contrast part of the aggregates can be attributed to
PB domains, i.e., the core of the micelles, but is too smal
accommodate the complete polymer. We therefore conc
that the bright regions surrounding the cores, which are
obviously similar density as the embedding solvent and
therefore not discernible from the background, should be
tributed to the PEO domain. Taking the distance between
centers of neighboring micelles as the total cross-sectio
diameter, and the width of the dark part as the core diam
of the aggregates, we obtain a total diameter of 33.5 nm
the rodlike aggregates and 38.0 nm for the spherical
celles. The respective mean core diameters are 12.0 nm
21.0 nm. The uncertainty of these values is estimated to
less than 10%. Because of the ordering effect in the cr
TEM preparation mentioned above, quantitative estimate
the number ratio of coexisting wormlike and spherical s
cies are far too speculative@63#. However, since the scatte
ing intensity from a given particle depends on the six
power of the particle size, it will be assumed in the analy
of the static light and neutron scattering data that the con
bution to the scattering intensity from spherical micelles c
be neglected in good approximation.

The observed elongated structures@see Figs. 1~a,b!# cor-
respond to those found in the solutions of B45-b-EO56 by
Zheng and co-workers@62# also using cryo-TEM and to the
structures identified in Ref.@29# using atomic force micros
copy ~AFM!. The AFM measurements were done with t
solutions of B37-b-EO53. In contrast to the present work i
the studies mentioned above, no spherical aggregates
only rodlike structures were observed.

A possible explanation for this phenomenon is that
polymer investigated here has a slightly larger head gr
compared to the other two systems. In the present study
ratio NB /NEO of the degrees of polymerization of the tw
blocks is 0.645. In the other two studies, the ratios were
@29# and 0.8@62#. This may already allow for the formatio
of spherical structures with a higher overall curvature a
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thus lead to a coexistence of rodlike and spherical agg
gates.

These observations are in qualitative agreement with
results from DLS experiments presented and discusse
Sec. IV D 1.

2. Polymer-Surfactant mixtures

A representative cryo-TEM micrograph of a mixed sol
tion of polymer~0.2 wt %! and surfactant (r m525) is shown
in Fig. 2. The first striking observation is the complete d
appearance of elongated structures upon addition of C12TAB.
Only a regularly hexagonally packed array of spherical o
jects can be observed. The total diameter of the spheres
calculated to be 33.5 nm and the core diameter was estim
to be 17.0 nm. The uncertainty of these values is ag
'610%. Thus the dimensions of the micelles are about 1
and 20% smaller than the respective values of the sphe
micelles in the pure polymer solution.

B. Static light scattering

As the micellar aggregates of the pure polymer inve
gated in the present study are in general too large to fu
the relationRg!l, the Zimm formalism was only used t
extrapolate to zero concentration in case of the pure poly
solutions. This is of course a rather rough, but neverthel
justified approximation because the size and shape of
aggregates seems to remain unaffected by dilution ove
wide concentration range~see also results from dynami
light scattering!.

For the mixed micelles, the Zimm plot was used to det
mine Rg , since the mixed micelles are somewhat sma
than those of the pure polymer. However, the values obtai
in this way can only be taken as qualitative measures.
reason for this becomes obvious looking at Fig. 3. For
mixed micelles, the linearization which is used to obtain
value for Rg does not lead to a good representation of
data.

1. Pure polymer solutions

The analysis of the static light scattering data from t
pure polymer solutions is based on the assumption that
scattering intensity from these samples is largely domina
by the scattering from the rodlike aggregates. This assu
tion is justified, since the scattering intensity from a spec
particle depends roughly on the sixth power of its radi
From the cryo-TEM images@see Figs. 1~a! and 1~b!#, it can
be easily estimated that the radius of gyration of the el
gated structures will be at least two times higher than tha
the spherical aggregates. Hence, for equal particle num
of spherical and elongated structures, the rodlike partic
will exhibit a scattering intensity which is' 64 times greater
than the intensity scattered from the spherical particles
therefore, appears to be justified to neglect the spherical
ticles in the analysis of the light scattering data, even thou
the relative numbers of spherical and cylindrical particles
not known.

A solution of pure polymer (B40-b-EO62) in water was
analyzed using a Zimm plot, in which the measured valu
6-6
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STRUCTURAL CHANGES OF POLY~BUTADIENE!- . . . PHYSICAL REVIEW E 68, 011406 ~2003!
are plotted as a function of concentration and of scatte
vectorq. For sufficiently small particles (Rg,l/20), such a
plot can then be utilized to extrapolate to zero concentra
andu50°, which leads to a value for the molar mass of t
sample from the intercept of both extrapolated curves. Fr
the slope of the extrapolated curve obtained forc50, one
usually obtains the radius of gyration for the sample. Ho
ever, as already mentioned in the introduction of this sect
the aggregates are too large and therefore the extrapo
curve is not linear.

In Fig. 4, the extrapolated curve forc50 from the Zimm
plot for the B40-b-EO62 solutions~data not shown! is plotted
asP(q) together with the respective fit to the form factor
polydisperse wormlike chains by Koyama@46#. From this fit
we obtain 500 nm for the contour lengthL, which corre-
sponds to about 57 diblock-copolymer molecules per nan
eter of the aggregate and to a linear mass density of
3105 g mol21 nm21. Additionally, the double-logarithmic
plot of the data~see inset in Fig. 4! yields a scattering expo
nent a of 1.0460.01. This is very close toa51 expected
for the rodlike structures. Hence, the assumption that
scattering is dominated by the rodlike particles is justifie
since the extrapolation to zero concentration can be d
without any knowledge about the number ratio of rods
spheres. The resulting scattering exponent shows that

FIG. 3. Zimm plots of the static light scattering data f
polymer-surfactant mixtures of constant surfactant-to-polymer r
(A, r m56; B, r m532).
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scattering behavior of the pure polymer solutions is inde
dominated by the rodlike aggregates.

For a rigid rod, the radius of gyration is connected to t
aggregate dimensions by

Rg
25

L2

12
1

Rcs
2

2
, ~24!

with Rcs the cross-sectional radius of the rod@64#. For elon-
gated thin structures, the second term in this sum is v
small compared to the first length-dependent term and
for that reason be omitted here. Using the length compu
by applying the Koyama analysis, we computeRg
5144 nm as an estimate of the radius of gyration for
rodlike polymer aggregates.

2. Polymer-surfactant mixtures

For the polymer-surfactant mixtures, several differe
polymer-to-surfactant ratiosr m were prepared, and for eac
given ratio four to six different concentrations were me
sured and analyzed using Zimm plots. Figure 3 shows
typical examples for samples with different amount of s
factant (r m values!. Molar mass and radius of gyration wer
calculated as described above. In Fig. 5, the computed va
for Rg are plotted vs concentration. It is obvious that t
large aggregates become significantly smaller upon addi
of C12TAB, but as already mentioned this result is only
qualitative one. It is also obvious that the curves in Fig. 3
not linear and therefore the linearization leads to large er
in the computedRg values. For this reason the values of t
radii of gyration, as derived from SANS data will be use
further on, especially when discussing the ratioRg /Rh ,
which yields information about the shape of the polym
aggregates and the mixed micelles@65#.

io

FIG. 4. Static light scattering data for the pure PB40PEO62 solu-
tion ~extrapolated to zero concentration!. The solid line represents a
fit to a form factor for polydisperse cylinders according to Koyam
The inset shows a log-log plot of the data. The obtained scatte
exponent~slope! is 21.04, which is very close to the value ex
pected for rodlike structures.
6-7
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NORDSKOGet al. PHYSICAL REVIEW E 68, 011406 ~2003!
C. Small-angle neutron scattering

Small-angle neutron scattering measurements were
ried out for solutions with a polymer mass fraction of 2
and surfactant concentrations covering a range of rela
mole fractionsr m from 0 ~pure polymer! to 32. In the low-q
range (q,0.02 Å21), one observes a decrease of the sc
tering intensity with increasingr m ~see Fig. 6!. In this q
range, the scattering curves follow a 1/qa dependence with a
transition froma'0.4 atr m50 to a50 at r m>3.3. Quali-
tatively, this trend corresponds to a transition from elonga
to spherical structures@37#.

As the concentration of surfactant increases from 3.3
32, the region of zero slope becomes slightly more extend
At higher-q values (q>0.02 Å21), the scattering curves
I (q) fall off more steeply and the dependence on surfac
concentration is reversed, i.e,I (q) now increases withr m .
All curves exhibit a local minimum atq.0.05 Å21 and this
minimum is shifted to smallerq values asr m increases~see

FIG. 5. Rg values as obtained from Zimm plots vs th
surfactant-to-polymer ratior m . Preparation methodsA and B lead
to a different decay behavior, but the final radius of gyration is
same in both cases.

FIG. 6. Low-q parts of the SANS curves. The dashed lines
fits according toI (q)}1/qa.
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Fig. 7!. These observations conform to the picture of a tra
formation from the rodlike aggregates into spherical mix
micelles with increasing molar ratio of surfactant to blo
copolymer.

The measured scattering curves were also analyzed u
the indirect Fourier transform~IFT! program by Glatter@40–
43#. In the double-logarithmic plot in Fig. 8, the scatterin
curves can be seen together with the obtained represent
of the experimental data. The inset shows the correspon
pair distance distribution functionsp(r ). For the pure
diblock-copolymer solutions, thep(r ) curve is a measure o
the maximum cross-sectional diameter of the aggrega
without giving any information about the length of the ro
like aggregates. Thep(r ) curves for the polymer-surfactan
system are more complex and reflect the gradual transitio
spherical micelles. Although the qualitative features of t
I (q) curves do not change as the content of surfactan
gradually increased, the maximum dimension is first sligh
decreasing and then remains constant within the experim
tal precision atr m.3.3. At a relative surfactant mole fractio
r m532, a shoulder inp(r ) at low-r values indicates the
presence of much smaller particles. Having in mind that
samples for the SANS measurements were prepared
methodA, i.e., the CMC of C12TAB is exceeded in the SANS
samples, these smaller particles can be identified as mic
of pure surfactant coexisting with the polymer-surfacta
mixed micelles. The observation of C12TAB micelles indi-
cates that the mixed micelles are saturated with surfactan
this polymer-to-surfactant ratio and thus the added surfac
does not contribute anymore to the overall aggreg
dimensions. These findings are in agreement with res
recently reported by Bronsteinet al. @23#, which indicate
an upper limit for comicellization of polystyrene
b-poly~ethyleneoxide! with the surfactant cetylpyridinium
chloride. Above a limiting concentration, these authors a

e

e

FIG. 7. SANS curves for polymer-surfactant mixtures of diffe
ent polymer-to-surfactant ratiosr m and fits of the data by sums o
two polydisperse sphere form factors~solid lines!. Only the spectra
from the samples with highest C12TAB concentration have to be
described by sums of two distinct particle types, indicating the f
mation of larger quantities of small micelles, probably consisting
C12TAB.
6-8
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STRUCTURAL CHANGES OF POLY~BUTADIENE!- . . . PHYSICAL REVIEW E 68, 011406 ~2003!
observe the formation of micelles only made of the lo
molecular-weight surfactant.

However, for the triblock-copolymer Pluronic mixed wit
SDS, a different behavior compared to the present study
detected. This anionic surfactant leads to a complete dec
position of the polymer aggregates, ending up with mix
micelles containing only one polymer molecule@24,66#.
Similar results were also obtained by Hoffmann and
workers@26,25#.

The SANS data for the polymer-surfactant mixtures w
also analyzed in terms of model functions for the form fac
P(q) ~see Fig. 7!. For P(q), we used the integrated form o
Eq. ~5! and hence a Gaussian size distribution to account
the particle polydispersity. Using a sum of two polydispe
sphere form factors, it was only possible to describe the s
tering curves from the three samples with the highest m
ratio of surfactant,r m56, 10, and 32, but however at low-q
values the model curves do not correspond to the experim
tal curves. This finding is reminiscent of dilute microemu
sions, where again only the intermediate and high-q region
can be described by form factors@36,67#, and can be attrib-
uted to a contribution from the structure factorS(q), which
was assumed to be one in the used model. A plot of
intensity ratio I small(q50)/I small(q50)1I big(q50) vs
concentration, whereI small and I big are the contributions o
small and large spheres to the overall scattering inten
leads to a straight line~see Fig. 9!. This indicates that the
number of small spheres is linearly increasing with grow
concentration of surfactant. This again points to the fact t
the mixed micelles are already saturated with C12TAB at a
molar ratio below 32, as was indicated by thep(r ) function
resulting from the IFT analysis, and that pure surfactant
celles are present in the solution already at a surfactan
polymer ratio r m56. The radii calculated for the smalle
spheres are in good agreement with the size expected
C12TAB micelles~estimated on the basis of the length of t
molecule in all-trans configuration!. A summary of the radii

FIG. 8. Analysis of the SANS data of Fig. 7 by the IFT metho
The inset shows the computedp(r ) functions. The upper curve wa
obtained for the pure polymer solution, the lower ones for the
creasing C12TAB concentrations. Their decay indicates the ma
mum dimension of the scattering aggregates.
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of gyrationRg extracted from the neutron scattering results
given in Table II.

D. Photon correlation spectroscopy

1. Pure polymer solutions

Solutions of B40-b-EO62 were also investigated by photo
correlation spectroscopy~also sometimes called DLS!. Inten-
sity correlation functions were recorded at five different sc
tering angles between 30° and 150°. For each scatte
angle, the measurements were repeated three times an
values for relaxation rates given below are averages of th
three measurements. Figure 10 shows typical examples
the relaxation rate distributionsG(G) analyzing the data us
ing a 100 grid point version ofCONTIN ~data given were
obtained forc50.08 wt %, measured at two different sca
tering angles!. For all samples, two significant contribution
were resolved. In some cases, a third contribution at lo
frequencies appears which can be attributed to dust partic
The relaxation process with the largest amplitude can be
tributed to large rodlike or wormlike micelles consisting of
large number of B40-b-EO62 molecules. The assumption of
rodlike or wormlike structure is based on the micrograph
Fig. 1 and the observed high macroscopic viscosity of
samples. Figure 11 shows a plot of the mean relaxation r
of the first mode~largest amplitude! as a function ofq2. A
linear dependence is found in all cases. From the slope
this graph, the diffusion coefficients are derived@see Eq.
~10!# and these results are shown in Fig. 12. For a p
diffusional mode one expects thatG is strictly proportional to
q2, i.e., the lines in Fig. 11 should start from the origin. W
observe a slight deviation from this behavior which is, ho
ever, close to the limit of the experimental error. This dev
tion may be attributed to the large extension of the rodl
aggregates, which might lead to contributions from rotat
or internal bending movements at higher-q values. These
motions cannot be separated from the diffusional mode.

Figure 12 shows that in the concentration range studie
this work, only a weak influence of the concentration on t

.

-

FIG. 9. Ratio of the form factor values extrapolated toq50.
For the small (P1 ; C12TAB micelles! and the bigger spheres (P2;
mixed polymer-surfactant micelles!.
6-9
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NORDSKOGet al. PHYSICAL REVIEW E 68, 011406 ~2003!
hydrodynamic size of the aggregates is found. A small c
centration dependence like this can be analyzed applying
~13!. An extrapolation to zero concentration leads to a s
diffusion coefficientD0

T of 4.22310212 m2/s21. From this
value, we compute a hydrodynamic radius of 58 nm for
rodlike aggregates of B40-b-EO62. The observed behavior i
in agreement with results obtained for other BCPs~e.g.,
B45-b-EO56 @62#!.

In Fig. 13, the relaxation frequencies of the faster proc

FIG. 10. Typical relaxation rate distributions as obtained b
CONTIN analysis of the experimental correlation functions for t
pure polymer solutions~100 transformation grid points!. Shown are
data for 90°~circles! and 150°~triangles!. For 90° scattering angle
two modes are resolved. These we attribute to large rodlike
celles. The second faster relaxation process can be attributed t
smaller spherical micelles also observed in the respective c
TEM preparations. At the larger scattering angle of 150°, a th
low frequency relaxation appears. This can be attributed to spur
amounts of dust particles.

FIG. 11. Plot of thez-averaged relaxation rateG for the major
~slow! relaxational mode vsq2. For all the investigated concentra
tions, the observed relaxation mode depends linearly onq2. At low
q a slight deviation is observable, which can be attributed to h
length of the aggregates. The investigated concentration range
0.02–0.2 wt % of polymer.
01140
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are plotted vsq2. This process too seems to be of diffusion
nature in the investigated concentration range and we as
this mode to the smaller—presumably spherical—aggreg
observed on the micrographs~see Fig. 1!. In the literature,
for some block copolymers, monomolecular micelles we
observed in selective solvents at low concentrations@68#. For
the polymer studied here, such monomolecular mice
would be much smaller than those experimentally observ
and thus we conclude that these spherical micelles also
sist of a larger number of polymer molecules.

a

i-
the
o-
d
us

h
as

FIG. 12. Diffusion coefficients computed from the slopes
Figs. 11 and 13. For the slow mode~rodlike particles!, the experi-
mental error is represented by the size of the symbols. In the in
tigated interval, the diffusion coefficient associated with the la
rodlike aggregates depends only slightly on the B40-b-EO62 concen-
tration. The dashed line indicates the extrapolation according to
~13!. This procedure results in a value of 4.22310212 m2 s21. Ac-
cording to the Stokes-Einstein equation, this leads to a hydro
namic radius of'58 nm for the micellar aggregates. The diffusio
coefficients for the smaller particles~boxes! exhibit a strong con-
centration dependence at low polymer weight fraction. The t
solid line indicates a fit according to Eq.~13!. The concentration
range is 0.02–0.2 wt % of polymer.

FIG. 13. Plot of thez-averaged relaxation rateG of the second
~fast! mode vsq2 at several polymer concentrations.~The concen-
tration range is the same as in Fig. 11.!
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STRUCTURAL CHANGES OF POLY~BUTADIENE!- . . . PHYSICAL REVIEW E 68, 011406 ~2003!
The concentration dependence of this second relaxa
mode is different from that of the large aggregates~see Fig.
12!. Although at high concentrations no significant conce
tration dependence of the translational diffusion coefficien
found, a pronounced linear concentration dependence is
at low concentrations. An extrapolation according to Eq.~13!
using the three data points at the lowest concentrations l
to aD0

T of 4.59310213 m2/s21. A nonlinear extrapolation of
the data of the entire concentration range, using a quad
expression results in approximately the same value forD0

T .
Based on this translational diffusion coefficient, a hydrod
namic radius of 5.3 nm is calculated for the smaller partic
at zero concentration. As already mentioned, the observa
of two species is in qualitative agreement with observation
two types of species on electron micrographs~see Fig. 1!.
However, since the fast mode exhibits a pronounced con
tration dependence, the size of the spherical particles
served on the cryo-TEM images~diameter 38.2 nm! should
not be compared to the hydrodynamic diameter at infin
dilution but to the value at the highest polymer concentrat
investigated by DLS. At the highest experimental concen
tion the fast mode is associated with a hydrodynamic dia
eter of '27 nm, which is still smaller than the value ob
served by cryo-TEM. This discrepancy may be attributed
part to the different concentrations studied in the DLS a
the cryo-TEM experiments, which is due to the sam
preparation for the cryo-TEM experiments. In addition, t
mode contributing with lower amplitude to the decay of t
intensity correlation functions may be slightly shifted
higher frequencies, because of the vicinity of the slow mo
~attributed to the rodlike structures!.

Simple model calculations based on different structu
models for rodlike or prolate ellipsoidal shapes lead to
results given in Table I. These calculations are based o
cross-sectional radius of the aggregates of 14.75 nm~esti-
mated on the basis of the SANS data for the pure polym
solutions; see Sec. IV C!. The value of the contour lengthL
was adjusted to 435 nm to obtainDT values matching the
experimental result of 4.22310212 m2 s21. This is in rather
good agreement with the result from static light scatteri
taking into account the crudeness of the approach of neg
ing the elasticity of the rodlike structures. From the co
puted values forDR ~see Table I!, it is obvious why the
rotational motion cannot be resolved in a VV geometry@69#.

Using the radius of gyrationRg calculated in Sec. IV B 1
and the hydrodynamic radiusRh of 58 nm, the ratioRg /Rh is
2.5. This is a typical value for the rodlike structures@65#.

TABLE I. Results from model calculation for different shapes
the aggregates. For the calculations, a thickness of 14.75 nm fo
aggregates was used and the length was chosen to be 435 nm

Model DT (10212 m2 s21) DR (s21)

Garcia de la Torre 4.19 147
Broersma~Newman! 3.85 141
Broersma 3.85 141
Perrin 4.46 185
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2. Polymer-surfactant mixtures

The mixed samples of polymer and surfactant were a
investigated at different scattering angles and concentrati
and the recorded correlation functions were again analy
using CONTIN. In all cases, only one significant relaxatio
mode was identified for the mixed systems. In Fig. 14,
DT values for samples withr m56 andr m532 are shown as
a function of the overall mass concentration of the disper
phase. Within the experimental precision, no significant c
centration dependence of the translational diffusion coe
cient is observable. Moreover, no significant difference
tween r m56 and r m532 can be detected. Therefore,
seems straightforward to use the mean value of the diffus
coefficient, DT51.63310211 m2 s21 ~indicated by the
dashed line in Fig. 14! for the calculation of the hydrody
namic radius. This yields a valueRh515 nm, which appears
to be the smallest hydrodynamic radius attainable upon
dition of the surfactant C12TAB. This valueRh is reached in
samples prepared by both sample preparation methodA
andB.

Figure 15 shows the hydrodynamic radii computed fro
DLS results as a function of C12TAB concentration. A drastic
decrease ofRh with increasing low-molecular-weight surfac
tant concentration is observable. This decrease is even m
remarkable when taking into account that the total volu
fraction of the dispersed phase is increased upon additio
the surfactant. The decrease in hydrodynamic dimension
be explained by a structural transition from elongated str
tures to spheres. Figure 15 also reveals a significant de
dence on the hydrodynamic radius at moderate surfac
concentrations and the method of sample preparation. W
the mixed aggregates are prepared such that the CMC o
surfactant is exceeded during the sample preparation,
observes a rather sharp decrease ofRh at relatively low sur-
factant concentrations. Conversely, when the samples

FIG. 14. Plot of the translational diffusion coefficient of th
mixed polymer-surfactant micelles vs overall concentration of po
mer and surfactant at two polymer-to-surfactant ratios ofr m56 and
r m532. Within the experimental precision~error bars indicate a
relative error of 10%!, no significant concentration dependence
observed in the entire experimental range. Hence, the end sta
the structural transition is already reached atr m56.

he
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NORDSKOGet al. PHYSICAL REVIEW E 68, 011406 ~2003!
prepared in such a way that the CMC of C12TAB is never
exceeded, the decay in hydrodynamic dimensions is bro
ened and shifted towards higher surfactant concentration
possible explanation for this behavior would be kinetic h
drance of the structural rearrangement.

From the radius of gyration as computed on the basis
the SANS experiments on a sample withr m532, and the
respective hydrodynamic radius of the mixed micelles,
ratio Rg /Rh has the value 0.73. This is very close to t
theoretical value for hard spheres@65#.

E. Geometrical considerations

The preceding results can be understood by looking at
geometrical parameters of the block-copolymer molecu
and the surfactant.

The aggregation number of the rodlike polymer agg
gates in the absence of surfactant can be estimated from
radius and the dimensions of a single polymer molecule.
effective volume of a B40-b-EO62 molecule in water,vP ,
estimated on the basis of Tanford’s relation@70# is 13.2 nm3

(4.35 nm3 for B40 plus 8.84 nm3 for EO62, including two
water molecules per oxygen atom!. From this value and the
volume per unit length of the rodlike aggregates,Vr
5680 nm2 ~based on the radiusRg514.75 nm as obtained
by SANS!, the aggregate is estimated to containNr
5Vr /vP552 polymer molecules per nanometer, in reas
able agreement with the value of 57 molecules per nan
eter obtained from the SLS measurements. This estim
aggregation number corresponds to a mean area per62
block of ca. 1.8 nm2 at the outer surface of the aggregate

The aggregation number of the spherical polym
surfactant mixed aggregates can be estimated from their
umeV5NvP1nvS and surface areaA5NaP1naS , where
N andn denote the numbers of polymer and surfactant m
ecules,vP and vS the volumes of polymer and surfacta
molecules,aP andaS the respective mean ‘‘head group’’ a
eas. From the radius of the aggregates,Rg57.5 nm, the Tan-
ford values of the molecular volumes (vP513.2 nm3, vS

FIG. 15. Hydrodynamic radii~related to the slow mode! as ob-
tained from DLS experiments with increasing C12TAB concentra-
tion. Shown are the values for both different preparation metho
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50.5 nm3), and estimated values of the head group area
the polymer and surfactant in a spherical micelle,aP
52.5 nm2 and aP50.8 nm2, we derive an approximate
value N'110 for the number of polymer molecules in th
mixed aggregates. This estimate of the aggregation num
is sensitive to the value ofRg ~see Table II!, but rather in-
sensitive to the chosen values ofaP , aS , andvS . The esti-
mated value ofN again shows that the mixed aggregates
not represent single-polymer molecules decorated by sur
tant, as observed for other types of polymers@23,25,26#, but
contain a large number of polymer molecules.

V. CONCLUSIONS

The present study has shown that the addition of the
ionic surfactant C12TAB to extended rodlike aggregates o
the block copolymer B40-b-EO62 induces a transition to
rather monodisperse spherical mixed micelles of polym
and surfactant. These mixed micelles still contain several~of
the order of 100! polymer molecules. This behavior is diffe
ent from findings in other block-copolymer–surfactant sy
tems in which a transition to micelles composed of a sin
polymer with a larger number of surfactant molecules h
been observed.

Pure B40-b-EO62 forms mainly rodlike aggregates i
aqueous solutions. This result is in agreement with findin
in previous studies of similar polymers@29,62#. However, for
the present polymer these elongated structures coexist
smaller spherical micelles, which were not observed in th
earlier studies. The spherical aggregates are clearly re
nized in cryo-TEM, but due to their smaller size do not s
nificantly influence the scattering behavior.

The contour lengthL of the rodlike aggregates is ca. 50
nm ~from SLS! and their cross-sectional diameter was det
mined to be 29.5 nm by means of SANS, agreement with
value of 33.463.4 nm obtained by cryo-TEM. An estimat
of the contour lengthL on the basis of the translational di
fusion coefficient, applying hydrodynamic models for st
rods, leads to a valueL5435 nm. We attribute the differenc
between these results to the omission of flexibility in t
used hydrodynamic models. The ratioRg /Rh for the pure
polymer aggregates is 2.1 or 2.5, depending on which va
for L is used to calculate the radius of gyration. The m
important finding of this study is the observation of a stru
tural transition from the rodlike aggregates of the pure po

.

TABLE II. Analysis of the SANS data in terms of the indirec
Fourier transform~IFT! formalism and the fit by two polydispers
spheres.

Fit with polydisperse sphere model

r m

IFT @40,41,43#
Rg

max ~nm!
Rg mixed

micelles~nm!
Rg C12TAB

micelles~nm!

0 14.75
3.3 12.75
6 12 7.3 1.6
10 11.5 7.0 1.8
32 11 7.5 2.0
6-12
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mer to smaller spherical aggregates which is induced by
cationic surfactant. This transition is clearly documented
cryo-TEM and all scattering techniques used in this wo
The hydrodynamic radius of the resulting mixed aggrega
is ca. 15 nm and the ratioRg /Rh is 0.73, in agreement with
the theoretical value for spheres@65#. The rod-to-sphere
structural transition of the present block-copolymer plus s
factant system has a remarkable analogy with a similar t
sition recently found in aqueous systems of the nonionic s
factant C12E5 by the addition of a fatty alcohol~dodecanol!
as a cosurfactant@21#. In the present system, the thresho
concentration of the cosurfactant C12TAB at which this tran-
sition occurs is dependent on the sample preparation. Te
tively, we attribute this phenomenon to a slow transition
netics when the C12TAB concentration is always kept below
the CMC~sample preparation methodB). This phenomenon
is not yet fully understood and is being further investigat
In agreement with Bronsteinet al., we also observe that ther
v

.
o

C.

id

.
N.
s

J

.

01140
e
y
.
s

r-
n-
r-

ta-
-

.

exists a threshold concentration for the low-molecul
weight surfactant. Above this concentration additional s
factant is not incorporated in mixed micelles, but form
small micelles on its own. However, preliminary studies w
a different surfactant~SDS! indicate that this behavior is no
universal @24#. Currently, investigations are in progres
studying the effect of SDS on the B40-b-EO62 aggregates
@71#.
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