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Structural changes of polybutadiene)-poly(ethyleneoxidg diblock-copolymer micelles induced
by a cationic surfactant: Scattering and cryogenic transmission electron microscopy studies
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Micelles of the diblock copolymer poliputadieng-poly(ethyleneoxide (B,o-b-EQs,) and mixed micelles of
this polymer with the cationic surfactant dodecyltrimethylammonium bromidgT&B) 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 contourllesfgth. 500 nm and a diameter
d =30 nm. The spherical mixed micelles obtained upon addition,;¢TAB 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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[. INTRODUCTION the self-assembly process found in diblock-copoly B P)
solutions is presented. By addition of low-molecular-weight

Self-assembly phenomena in colloiddll-5] and amphiphiles to such a polymer solution, it is possible to alter

polymer-based systeni§—8| have attracted much attention the packing parameter in the micellar structures. This so-
in recent years. A multitude of different microstructures wascalled concept of comicellization was already used before
found in solutions of block copolyme($,9—11] and there is  using the anionic surfactant sodium dodicyl-sulfa&D9
growing interest in using them as templates for the preparaisee Refs[23—-26 and references thergiand especially in-
tion of mesoscopically structured organic or inorganic hybridteresting is its application in the preparation of microemul-
materials[12—-18. To our knowledge, most studies of nano- sions [27,28. In microemulsions, addition of copolymers
casting start from spherical particles, but recently materialsan largely reduce the necessary amount of surfactant to
based on ordered three-dimensional arrangements of cylirsolubilize the added oil.

ders were also prepard®]. However, not much is known In the present study, we focus on the change in shape
about the control of the structuring process, especially in theipon addition of the cationic low-molecular-weight
case of polymer-based systems and cylindrical shapes. Thirfactant dodecyltrimethylammonium bromide ;§TAB)

most important parameters for the control of micellar shap¢o rodlike, large polybutadiengpoly(ethyleneoxidg

in diblock-copolymer solutions appear to be the cross{B,;b-EQs,) micelles. Preliminary results obtained with a
sectional area of the hydrophilic chafthead group” and  PB-PEO diblock copolymer of slightly different block length
the ratio of the lengths of the two building blocks. This is have been reported in a recent paf®#4]. Here, we present a
similar to the situation in solutions of low-molecular-weight more quantitative analysis of the observed structures using a
surfactants. For several nonionic surfacta(etg., the group combination of elastic and inelastic scattering techniques.
of alkyl oligo ethyleneoxide (E;), the area per head group Moreover, the observed scattering behavior will be used to
is changed with temperatufdue to a change in hydratipn characterize the structures with regard to their shape by ap-
and thus the micelles transform from spherical to wormlikeplying rather simple hydrodynamic model calculations
shape as the temperature is increased in the isotropic soluti)80—34. Additionally, the occurring structures are directly
phase of the phase diagrg9-21 as the temperature is visualized by cryogenic transmission electron microscopy
increased. In the case of diblock copolymers containing dcryo-TEM).

charged block, the structure of the micellar aggregates can be

controlled by the addition of salt and transitions from spheri- Il. THEORY

cal micelles to rodlike and wormlike structures have been
observed at high salt concentratidr22)].

In the present paper, a different approach to the control of Small-angle scattering curves obtained from solutions of
particles exhibiting a low polydispersity can be represented
by

* Author to whom correspondence should be addressed. Electronic _
address: thomas.hellweg@tu-berlin.de 1(q)=A(p—po)?V>NS(q)P(q), (1)

A. Small-angle neutron scattering(SANS)
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where the interparticle structure fact®fq) and the particle veloped by Glatte{40—43. This numerical approach di-
form factor P(q) are functions of the scattering vectgqr rectly yields the pair distribution functiop(r) of the scat-
given by tering particles.

g= —sin Ak (2

47 ( 6) B. Light scattering
A

1. Static light scattering (SLS)

The static scattering from a liquid arises from inhomoge-
neities due to fluctuations of the density or the concentration
c [44]. For rather small particles, an analysis of the angle
dependence of the scattered intensity can yield the radius of
gyrationRy of the particles. Commonly, the static light scat-
tering data can be analyzed based on the relation

with 6 the scattering angle andthe neutron wavelengtip.

is the scattering length density of the particlegthat of the

solvent.N is the particle number and their respective vol-

ume. The constam contains experimental factors. For low

concentration and intermediate or large valuesjofthe in-

terparticle structure factdg(q)~1 and therefore the analy-

sis of the experiments has mainly to deal with the particle Ke 1

form factor[35,36]. R=M +2Bc, (6)
Some information about the shape of the diblock- 0

copolymer aggregates is revealed by the determination of thgereR, is the Rayleigh rati§45] andK contains all optical

scattering exponent in the low-q regions of the experimen-  yronerties of relevance for the experiment. The above is

tal data, where valid for particles withRy,<\. For larger particles a form
factor has to be taken into account,

1
(q)o—. () Kc 1 [1
q M‘FZBC

R, P(0) | "

One expectsr to be 0 for spheres, 1 for rodlike shapes, and
2 for flat structure$37]. In addition, a Guinier analysis can
be performed in the intermediatg region of the spectra
(qR~1) using the equation

Using the Debye approximation for the form fact®(6) is
the basis for the so-called Zimm plot, which can be applied
to extractRy and the apparent molar mass from the static
light scattering dat§44]. The molar mass yields the aggre-
) gation number of the aggregates.

I(q)=expg—q°A). (4) For large particles, the approach described in Sec. Il A

can be applied using E¢7) to obtainP(#) by extrapolation

In this relation,A is a length scale parameter, which can beto zero concentration. In this work, the SLS form factor
connected with the respective scattering aggregateAby curves of the pure diblock-copolymer solutions are fitted us-
=RZ/3 for spheres and by\=RZJ/2 for rodlike objects, ing the Koyama form factor for stiff chain molecules or
whereRy is the radius of gyration of the sphere aRgs is  structureq46).
the cross-sectional radius of the r[&¥,3§. A complete de-
scription of the scattering curves can be achieved by fitting 2. Photon correlation spectroscopy
or simulating the entire experimental data using analytical
expressions for the form fact®{(q). In the present study for
spherical aggregates exhibiting a low polydispersity, an an
lytical solution of the integral

The normalized electrical field autocorrelation function
g(7) contains the information about the dynamics of the
E"écattering systemg?(7) can be computed from the respec-
tive intensity time correlation functiog?(7) by the Siegert
relation. In the case of a monodisperse ideal sanpler) is

2 . .
represented by a single exponential:

sin(gR) —qRcogqR)

9 %)
Pur = s fo

3
(aR) g(r)=exp(—T'7) (8)
(R_RO)2 . CNTA2 T . . . .
xexp — ——|dR (50 Wwith T=D'q% D' the translational diffusion coefficient,
207 and g the scattering vectdd7—-49. Normally, samples are

polydisperse and the decay of the correlation function must
was used for the fitting procedure. The polydispersity isbe described by a weighted sum of exponentials,
modeled by a Gaussian distributip89]. For a sample con- .
taining two different well-defined populations of spherical |7 _
particles at low concentrations, the scattering curves can be gi(n)= jo GDexp(~T'mdr, ©
described by a simple sum of two of these form factor con-
tributions[again neglecting influences fro8(q)]. where G(I') is the distribution function of the relaxation

A third more general way to obtain information from the rates.

small-angle scattering curves, which was used in this work, An analysis of this distribution of relaxation rates can be
is the generalized indirect Fourier transformation method deperformed using the method of cumulaf®], the analysis

011406-2



STRUCTURAL CHANGES OF POLYBUTADIENE)- . . . PHYSICAL REVIEW E 68, 011406 (2003

by an inverse Laplace transformation of £@). by the use of L kT L
the FORTRAN programcoNnTIN [51,52, or by the ORT proce- =m|n(a> 17
dure suggested by Glattg40,41. From the mean valu€
one obtains the translational diffusion coeffici@nt, and
r=p'g?, (10 KT (L
: _ _ DR= In(—). (18)
and the hydrodynamic radiu®, making use of the Stokes- L3 d

Einstein equation,
Here,L andd represent the length and the thickness of the

;o kT cylinder. According to this model,
67 7R,
: . . oD’
with # being the viscosity ankithe Boltzmann constant. The DR="—"_. (19
equivalent equation for the rotational diffusion coefficient L?

DR has the form
A second model for cylinders with/d=9 was derived by
R kT Broersma[30,31). However, this model does not provide a
D ry—t (12 significantly better representation of the data than the
%h Kirkwood-Riseman approach, even in its corrected form
[54]. A further approach for the description of transport prop-
erties of cylinders in solution is the model presented by Ti-
rado and Garcia de la Torre, which is valid for the region 2
'<sL/d<20[55-57. In this model, the translational diffusion
coefficient is connected to the particle dimensions by

The dependence d® makesDR more sensitive to structural
changes compared @.

For weakly interacting particles and low concentrations
the concentration dependence®f can be described by

D exp=Dg(1+kp[C]), (13 S
T _ T
where the diffusional virial coefficierlty includes thermo- D “ 3L In d v
dynamic and frictional effects oD.,,. For stronger interac-
tions, this linearization may not hold. ] 0.565 0.100
C. Hydrodynamic models - (_)
d d

Several models are available for the calculation of the
transport properties of anisometric structures. The earliest 0
these was the Perrin description of symmetrical ellipsoid
[32—-34. For prolate(cigarlike) particles, the transport coef-

similar equation was derived for the rotational diffusion,

ficients for rotational and translational motions are connected DR_ 3kT | L R

with molecular dimensions by - gt
DT kT ®(p) (14)

- P 0.917 0.050
67 7Rn YR —0.662+ ———— 7. 21)

KT |2[(2—pH)P(p)—1 d (a

R 3_(( p2)P(p) ), s
gmnR;( 3 (1-p%

The transport coefficient®” and DR can be connected by
wherep=Db/a is the axial ratio of the ellipsoich denotes the defining the function
length of the major axis of the particle abds the length of
the two minor axes. (L)

d (22)

Hence, these relations are corrections of the Stokes-
Einstein equations for translational and rotational diffusion

using a frictional form factor given by

97”7)2/3 DT
kT (DR)1/3'

All the above models allow for a determination of the mo-
d(p)=(p?>—1) Yarctaf (p>—1)+?]. (16)  lecular dimensions, when both diffusion coefficients are
known or may be used to determine the length or thickness
For cylinders, several different descriptions are availableof the formed aggregates as by adjusting the values to repro-
starting with the approach by Riseman and Kirkwd®&8] duce one of the measured diffusion coefficients. This is use-
based on the modeling of the rod by a linear assembly oful in cases when the rotational diffusion coefficient is not
spherical beads leading to available.
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Ill. MATERIALS AND METHODS respective samples prepared by methads B had the same
concentrations of polymer and surfactant, and differed only
in the way of preparation.

1. Synthesis and characterization of ,8b-EQs, All samples for the light scattering experiments except the
pure polymer solutions were directly filtered into dust-free
cylindrical quartz cells with an inner diameter of 0.8 cm
using filters with a pore size of 200 nr{Bchleicher &
Schuell, Spartan 30/0.2 RRCThe pure polymer solutions
were not filtered because of their high viscosity and in order
do avoid a change of the concentration by filtration.

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

A. Sample preparation

The polybutadiengb-poly(ethyleneoxidg block copoly-
mer B,g-b-EQg, was prepared by sequential anionic poly-
merization of 1,3-butadiene—<78°C) and ethyleneoxide
(+40°C) in tetrahydrofuran withsecbutyllithium/t-BuP,
phosphazene as the initiat®8]. For purification, the aque-
ous solution of the crude material was thoroughly washe
with the strongly acidic cation exchanger DOWEX 50WX4-
100(Sigma to extract protonatettBuP, traces, ultrafiltrated
with bidistilled water(molecular weight cutoff: 1®Da), and
freeze dried59].

The microstructure of the PB segment is 9@f4ns-1,2 [Ce.1ag]
and 10%trans-1,4 as revealed byH nuclear magnetic reso- M= e (23
nance (NMR) (400.1 MHz, 25°C, CDG). The average [Cpotymed
number of B units(40) was determined by size exclusion
chromatography(SEQ [eluent, CHC} at a flow rate of 1 4. Samples for SANS
ml/min; columns, 3&0.8 cnf; 5-um MZ-SDplus, 16, For the neutron scattering experiments, only the 2 wt %

10°, 10° A; detectors, UV and RI; calibration, pdly,2-  samples prepared according to methédvithout dilution
butadieng] on the PB precursor sample, which was takenwere used. In SANS experiments diluted samples would ex-
from the polymerization reactor prior to EO addition. From hibit a very low scattering intensity, which leads to unaccept-
the number of B units and the mole fraction of EO in theab|y h|gh measuring times. Therefore, in contrast to the
copolymer (0.608, *H NMR), the average number of EOQ samples for light scattering experiments, these samples were
units was calculated to be 62. The apparent polydispersityiot diluted. That is why in these samples, the concentration
index (ratio of weight- to number-average molecular of the low-molecular-weight surfactant is above the CMC.

weights,M,,/M,,, of the copolymer is 1.07SEQ. Scattering contrast for the small-angle neutron scattering
experiments was generated by making use ¢Das the
2. Other materials solvent.
The cationic surfactant GTAB was purchased from Ald-
rich Chemicals and used without further purificatiguurity B. Cryo-TEM
=97%). The samples for cryo-TEM were prepared at room tem-

High purity water from a MilliQ water purification sys- perature by placing a droplet (3@) of the polymer solution
tem by Millipore/Waters was used as the solvent for all lightgp, hydrophilized perforated carbon film grig80-s plasma
scattering experiments. For neutron scattering experimentseatment at 8 W using a BALTEC MED 020 devijc&he
the samples were dissolved inO from Sigma Fine Chemi-  excess fluid was blotted off to create an ultrathin laigpi-

cals (isotopic purity=99.8%). cal thickness of 100 njmof the solution spanning the holes
_ _ _ of the carbon film. The grids were immediately vitrified in
3. Samples for light scattering experiments liquid ethane at its freezing point{(184 °C) using a stan-

Samples were prepared by dilution of the original aqueouslard plunging device. Ultrafast cooling is necessary for an
solution of 2 wt % of the block copolymer to a stock solution artifact-free thermal fixatiokvitrification) of the aqueous so-
of 0.2 wt%, which was further diluted to obtain sampleslution avoiding crystallization of the solvent or rearrange-
with the polymer concentrations 0.2, 0.16, 0.12, 0.08, 0.04ment of the assemblies. The vitrified samples were trans-
and 0.02 wt %. Surfactant was added to the solutions in twderred under liquid nitrogen into a Philips CM12
different ways, hereafter denoted as methadznd B. transmission electron microscope using the Gatan cryoholder

Method A Pure surfactant was added to a small volume ofand stage(model 626. Microscopy was carried out at
the original polymer solution to obtain a surfactant concen-—175°C sample temperature using the microscopes’ low
tration above the critical micellar concentratig®MC). This  dose protocol at primary magnifications of 58 808ee Fig.
solution was diluted by water to the stock solution of poly-1) or 3300& (see Fig. 2 The defocus was chosen to be
mer concentration 0.2 wt% and a surfactant concentratiod.2 um corresponding to a first zero of the phase contrast
below the CMC. The resulting stock solution of the mixedtransfer function at 2.1 nm.
system(block copolymer plus surfactantvas then further
diluted to investigate the concentration dependence of the C. Light scattering
aggregate structures by light scattering.

Method B The surfactant was added to the 0.2% stock
solution of the polymer in such a way that the surfactant Light scattering measurements were performed using
concentration in the samples never exceeded the CMC. Theommercial equipment for simultaneous static and dynamic

1. Photon correlation spectroscopy
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achieved using a toluene bath connected to a Lauda RCS6
thermostat. The toluene also served as an index matching
bath. The scattered light was detected with a photomultiplier
tube (Thorn EMI) mounted on a goniometer arm, operated in
single-photon-counting mode. The preamplified fluctuating
intensity signal was then time autocorrelated using an
ALV-5000 multiple 7 hardwire correlatof256 channels, first

lag time 200 ns Dynamic light scatteringDLS) experi-
ments were performed in an angular range of<3@&150°.

2. Static light scattering

For the static light scatterin@-S) experiments, the static
(integrated intensity was normalized to the primary beam
intensity and brought to an absolute scale by using a toluene
reference for calibratiorf45]. Consequently, the primary
beam intensity had to be monitored, which was done by
means of a beam splitter and a four-segment photodiode.
Static LS measurements were carried out in an angular range
of 20°< #<150°, corresponding to a scattering vector range
of 0.008<q<0.03 nm!. The refractive index increment
dn/dc, which is needed for the calculation of the contrast
factor K, was measured with a commercial refractometer
(Baur Electronick

D. Small-angle neutron scattering

Small-angle neutron scattering experiments were carried
out at the “Laboratoire Len Brillouin—Laboratoire Com-
mun CEA-CNRS” (LLB) using the PAXY machine. This
small-angle scattering machine is installed on the neutron

solution. The lettersA and B indicate two different preparations. . >
Two micellar species can be identified: long wormlike or rodlike g_u'de G2(cold sourcg of the Orphe reactor and was de-

particles and smaller spherical structures. The diameter of the ro<)$-'gne_d for high resolution i space. Making use of a me-
like particles is=33.4 nm. The diameter of the spherical particles chanical selector, the neutron wavelengths were chosen to be

is ~38.2 nm. The spherical micelles exhibit a rather low polydis-© A, 10 A, and 12 A. The wavelength spread vras:10%.

persity. (The black bar represents 100 nm. All measurements were made at three sample to detector
distanceq1.05 m, 3.20 m, and 6.70 )nchanging the wave-

) ) ) ) length and the sample to detector distance simultaneously

light scattering experiments from ALV-Laservertriebs- 5nq therefore covering & range from 0.004 A! to

gesellschaf(Langen, Germany The light source employed (347 A1, The data were collected on a two-dimensional
was the green lineN=532 nm) of a Coherent Compass multiwire detector containing Bf For more details of the
315M-150 frequency doubled diode pumped solid state lasepxperimental setup, see the relevant publications of the LLB
operating with a constant output power of 150 mW. Tem-(e g., Ref[60]).

perature control of the samples better than 0.1 K was The raw data were corrected for the efficiency of the dif-
ferent detector cells using a water spectrum and then, be-
cause of the isotropic character of the scattering from the
diblock-copolymer solutions or copolymer-surfactant mix-
tures, they were circularly averaged. After correction for the
scattering of the solvent and the empty cell, the data were
brought to an absolute scale. Calibration of the data was
done according to the procedure described by Coftédn.

This calibration is based on the determination of an attenua-
tion factor of the primary beam intensity. All the data reduc-
tion steps described above were done using software pro-
vided by the LLB.

FIG. 1. Cryo-TEM micrographs of a 0.1 wt% pure polymer

IV. RESULTS AND DISCUSSION
A. Cryo-TEM

FIG. 2. Cryo-TEM micrograph of a solution containing both,
polymer and G, TAB (C,,TAB concentration below the CMC
Only spherical micelles are observable. The total diameter of the Two cryo-TEM images of a 0.1 wt % pure polymer solu-
micelles is ca. 33.5 nm(The black bar represents 100 nm. tion are presented in Figs(ab. Both images show long

1. Pure polymer solutions
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wormlike or rodlike micelles that coexist with spherical mi- thus lead to a coexistence of rodlike and spherical aggre-
celles, but the numbers of the two species are markedly difgates.

ferent in the two images. A qualitatively similar morphology =~ These observations are in qualitative agreement with the
has been found for 0.02 and 0.2 wt % polymer solutions. Irfesults from DLS experiments presented and discussed in
particular, the coexistence of spherical and wormlike mi-Sec. IV D 1.
celles exhibiting comparable geometry and size has been
confirmed. The wormlike micelles tend to be disposed paral-

lel to each other and the spherical micelles fill the remaining A representative cryo-TEM micrograph of a mixed solu-
space, either arranged in strings of pearls or in regular hextion of polymer(0.2 wt %) and surfactantr(,,= 25) is shown
agonal arrays. Similar ordering effects were observed byn Fig. 2. The first striking observation is the complete dis-
Zhenget al. [62] in other BCP systems and were explainedappearance of elongated structures upon addition £tAB.

by the miniscuslike thickness gradient of the sample layerOnly a regularly hexagonally packed array of spherical ob-
induced in the blotting process, in which the aggregates argcts can be observed. The total diameter of the spheres was
forced away from the thin central region towards the thickercalculated to be 33.5 nm and the core diameter was estimated
edges. As a consequence, all aggregates are brought inim be 17.0 nm. The uncertainty of these values is again
close packing. An intriguing finding of this arrangement of ~+10%. Thus the dimensions of the micelles are about 13%
aggregates is that the next-neighbor distance is nearly comnd 20% smaller than the respective values of the spherical
stant. This observation may be explained by postulating amicelles in the pure polymer solution.

outer shell of low contrast surrounding the high-contrast core

of the aggregates and that the ordered packing of the aggre- B. Static light scattering

gates results from a close packing of shells. An estimate of
the size of the two blocks of the polymer shows that the X X .
high-contrast part of the aggregates can be attributed to tHg?t€d in the present study are in general too large to fulfill
PB domains, i.e., the core of the micelles, but is too small tgN€ refationRy<x, the Zimm formalism was only used to
accommodate the complete polymer. We therefore conclud@X{rapolate to zero concentration in case of the pure polymer
that the bright regions surrounding the cores, which are Oisolqt_lons. This is of course a rather roggh, but nevertheless,
obviously similar density as the embedding solvent and ardStified approximation because the size and shape of the
therefore not discernible from the background, should be a99regates seems to remain unaffected by dilution over a
tributed to the PEO domain. Taking the distance between th¥ide concentration rangesee also results from dynamic
centers of neighboring micelles as the total cross-sectionaignt scattering. ,

diameter, and the width of the dark part as the core diameter FOr the mixed micelles, the Zimm plot was used to deter-
of the aggregates, we obtain a total diameter of 33.5 nm fofin€ Rg, since the mixed micelles are somewhat smaller

the rodlike aggregates and 38.0 nm for the spherical mif_than those of the pure polymer. However, the values obtained

celles. The respective mean core diameters are 12.0 nm aff this way can only be taken as qualitative measures. The
21.0 nm. The uncertainty of these values is estimated to bEason for this becomes obvious looking at Fig. 3. For the
less than 10%. Because of the ordering effect in the cryom'xed micelles, the linearization which is used tq obtain a
TEM preparation mentioned above, quantitative estimates of2lue for Rg does not lead to a good representation of the
the number ratio of coexisting wormlike and spherical spe- ata.
cies are far too speculatiyé3]. However, since the scatter-
ing intensity from a given particle depends on the sixth
power of the particle size, it will be assumed in the analysis The analysis of the static light scattering data from the
of the static light and neutron scattering data that the contripure polymer solutions is based on the assumption that the
bution to the scattering intensity from spherical micelles carscattering intensity from these samples is largely dominated
be neglected in good approximation. by the scattering from the rodlike aggregates. This assump-

The observed elongated structufese Figs. (a,b] cor- tion is justified, since the scattering intensity from a specific
respond to those found in the solutions ofsB-EOs55 by  particle depends roughly on the sixth power of its radius.
Zheng and co-worker62] also using cryo-TEM and to the From the cryo-TEM imagefsee Figs. (@) and 1b)], it can
structures identified in Ref29] using atomic force micros- be easily estimated that the radius of gyration of the elon-
copy (AFM). The AFM measurements were done with thegated structures will be at least two times higher than that of
solutions of B-b-EOs5. In contrast to the present work in the spherical aggregates. Hence, for equal particle numbers
the studies mentioned above, no spherical aggregates bat spherical and elongated structures, the rodlike particles
only rodlike structures were observed. will exhibit a scattering intensity which s+ 64 times greater

A possible explanation for this phenomenon is that thethan the intensity scattered from the spherical particles. I,
polymer investigated here has a slightly larger head groupherefore, appears to be justified to neglect the spherical par-
compared to the other two systems. In the present study, theles in the analysis of the light scattering data, even though
ratio Ng/Ngo of the degrees of polymerization of the two the relative numbers of spherical and cylindrical particles are
blocks is 0.645. In the other two studies, the ratios were 0.7ot known.
[29] and 0.8[62]. This may already allow for the formation A solution of pure polymer (Byrb-EQg,) in water was
of spherical structures with a higher overall curvature andanalyzed using a Zimm plot, in which the measured values

2. Polymer-Surfactant mixtures

As the micellar aggregates of the pure polymer investi-

1. Pure polymer solutions
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) ) _ with R4 the cross-sectional radius of the r@@#]. For elon-

are plotted as a function of concentration and of scatterln%ated thin structures, the second term in this sum is very
vectorg. For sufficiently small particlesRy<<A/20), such a = small compared to the first length-dependent term and can
plot can then be utilized to extrapolate to zero concentratiofior that reason be omitted here. Using the length computed
and §=0°, which leads to a value for the molar mass of theby applying the Koyama analysis, we compufe,
sample from the intercept of both extrapolated curves. From=144 nm as an estimate of the radius of gyration for the
the slope of the extrapolated curve obtained derO, one  rodlike polymer aggregates.
usually obtains the radius of gyration for the sample. How-
ever, as already mentioned in the introduction of this section, 2. Polymer-surfactant mixtures
the ag_gregatgs are 100 large and therefore the extrapolated For the polymer-surfactant mixtures, several different
curve Is not linear. , polymer-to-surfactant ratios,, were prepared, and for each

In Fig. 4, the extrapolated curve for=0 from the Zimm  yiven ratio four to six different concentrations were mea-
plot for the B,;-b-EOg, solutions(data not shownis plotted  gyred and analyzed using Zimm plots. Figure 3 shows two
asP(q) together with the respective fit to the form factor of typical examples for samples with different amount of sur-
polydisperse wormlike chains by Koyarf#6]. From this fit  factant ¢, values. Molar mass and radius of gyration were
we obtain 500 nm for the contour length which corre-  calculated as described above. In Fig. 5, the computed values
sponds to about 57 diblock-copolymer molecules per nanon¥or R, are plotted vs concentration. It is obvious that the
eter of the aggregate and to a linear mass density of 2.Rirge aggregates become significantly smaller upon addition
X 10° gmol~*nm™*. Additionally, the double-logarithmic of C;,TAB, but as already mentioned this result is only a
plot of the datasee inset in Fig. dyields a scattering expo- qualitative one. It is also obvious that the curves in Fig. 3 are
nenta of 1.04+0.01. This is very close tae=1 expected not linear and therefore the linearization leads to large errors
for the rodlike structures. Hence, the assumption that thén the computedR, values. For this reason the values of the
scattering is dominated by the rodlike particles is justified,radii of gyration, as derived from SANS data will be used
since the extrapolation to zero concentration can be donturther on, especially when discussing the raRg/Ry,
without any knowledge about the number ratio of rods towhich yields information about the shape of the polymer
spheres. The resulting scattering exponent shows that theggregates and the mixed micel[&5].
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FIG. 5. Ry values as obtained from Zimm plots vs the FIG. 7. SANS curves for polymer-surfactant mixtures of differ-
surfactant-to-polymer ratio,,. Preparation method& andB lead  ent polymer-to-surfactant ratias, and fits of the data by sums of
to a different decay behavior, but the final radius of gyration is thetwo polydisperse sphere form factqsolid lines. Only the spectra
same in both cases. from the samples with highest,&TAB concentration have to be
described by sums of two distinct particle types, indicating the for-
mation of larger quantities of small micelles, probably consisting of

. C,,TAB.
Small-angle neutron scattering measurements were car-

ried out for solutions with a polymer mass fraction of 2% ] .

and surfactant concentrations covering a range of relativEig. 7). These observations conform to the picture of a trans-
mole fractionsr ,, from 0 (pure polymeyto 32. In the lowg ~ formation from the rodlike aggregates into spherical mixed
range §<0.02 A~1), one observes a decrease of the scatmicelles with increasing molar ratio of surfactant to block
tering intensity with increasing,, (see Fig. 6. In thisq  copolymer. _ _
range, the scattering curves follow aji/dependence with a '€ measured scattering curves were also analyzed using
transition froma~0.4 atr,,=0 to «=0 atr,=3.3. Quali- the indirect Fourier transforiFT) program by Glattef40—

tatively, this trend corresponds to a transition from elongateéle’]' In the double-logarithmic F_’lOt in Fig. 8 the scattering_
to spherical structuref87]. curves can be seen together with the obtained representation

As the concentration of surfactant increases from 3.3 t§f the éxperimental data. The inset shows the corresponding
32, the region of zero slope becomes slightly more extended@ distance distribution functionp(r). For the pure
At higherq values §=0.02 A1), the scattering curves dlblock—c.opolymer solutlons, thp(_r) curve is a measure of
I(q) fall off more steeply and the dependence on surfactanrlh_e maximum cros_s-sect|o.nal diameter of the aggregates,
concentration is reversed, i.5(q) now increases with . v_wthout giving any information about the length of the rod-
All curves exhibit a local minimum aj>0.05 A~ and this like aggregates. Thp(r) curves for the polymer-surfactant

minimum is shifted to smalleq values as , increasegsee system are more complex and reflect the gradual transition to
m spherical micelles. Although the qualitative features of the

I(q) curves do not change as the content of surfactant is

C. Small-angle neutron scattering

300 o r=0 6 gradually increased, the maximum dimension is first slightly
o 1 o 10 decreasing and then remains constant within the experimen-
250 a 3 4 32 tal precision at ,,>3.3. At a relative surfactant mole fraction
rm=32, a shoulder inp(r) at low+ values indicates the
200+ presence of much smaller particles. Having in mind that the
- 1 samples for the SANS measurements were prepared by
E 160 ™ Smsmoe — methodA, i.e., the CMC of G,TAB is exceeded in the SANS
; - > Loy samples, these smaller particles can be identified as micelles

of pure surfactant coexisting with the polymer-surfactant

mixed micelles. The observation of;£TAB micelles indi-
cates that the mixed micelles are saturated with surfactant at
this polymer-to-surfactant ratio and thus the added surfactant
0 . . . . . . . does not contribute anymore to the overall aggregate
004 005 006 007 008 003 0.10 011 0.12 dimensions. These findings are in agreement with results
q[hm™) recently reported by Bronsteigt al. [23], which indicate
an upper limit for comicellization of polystyrene-
FIG. 6. Lowq parts of the SANS curves. The dashed lines areb-poly(ethyleneoxidg with the surfactant cetylpyridinium
fits according td (q)«1/q®. chloride. Above a limiting concentration, these authors also
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FIG. 8. Analysis of the SANS data of Fig. 7 by the IFT method.  FIG. 9. Ratio of the form factor values extrapolatedqte 0.
The inset shows the computedr) functions. The upper curve was For the small P,; C,;,TAB micelles and the bigger sphere®4;
obtained for the pure polymer solution, the lower ones for the in-mixed polymer-surfactant micellgs
creasing G,TAB concentrations. Their decay indicates the maxi-

mum dimension of the scattering aggregates. of gyrationR, extracted from the neutron scattering results is

given in Table II.

observe the formation of micelles only made of the low-
molecular-weight surfactant. D. Photon correlation spectroscopy

However, for the triblock-copolymer Pluronic mixed with
SDS, a different behavior compared to the present study was
detected. This anionic surfactant leads to a complete decom- Solutions of Bg-b-EOs, were also investigated by photon
position of the polymer aggregates, ending up with mixedcorrelation spectroscopialso sometimes called D) Snten-
micelles containing only one polymer molecul@4,66]. sity correlation functions were recorded at five different scat-
Similar results were also obtained by Hoffmann and co-tering angles between 30° and 150°. For each scattering
workers[26,25. angle, the measurements were repeated three times and the

The SANS data for the polymer-surfactant mixtures werevalues for relaxation rates given below are averages of these
also analyzed in terms of model functions for the form factorthree measurements. Figure 10 shows typical examples for
P(q) (see Fig. 7. For P(q), we used the integrated form of the relaxation rate distribution3(I") analyzing the data us-
Eg. (5) and hence a Gaussian size distribution to account foing a 100 grid point version oEONTIN (data given were
the particle polydispersity. Using a sum of two polydisperseobtained forc=0.08 wt %, measured at two different scat-
sphere form factors, it was only possible to describe the scatering angles For all samples, two significant contributions
tering curves from the three samples with the highest molawere resolved. In some cases, a third contribution at lower
ratio of surfactantr ,=6, 10, and 32, but however at low- frequencies appears which can be attributed to dust particles.
values the model curves do not correspond to the experimerThe relaxation process with the largest amplitude can be at-
tal curves. This finding is reminiscent of dilute microemul- tributed to large rodlike or wormlike micelles consisting of a
sions, where again only the intermediate and hggregion  large number of Br-b-EOQs, molecules. The assumption of a
can be described by form factdr36,67], and can be attrib- rodlike or wormlike structure is based on the micrograph in
uted to a contribution from the structure fac®(q), which  Fig. 1 and the observed high macroscopic viscosity of the
was assumed to be one in the used model. A plot of th@amples. Figure 11 shows a plot of the mean relaxation rates
intensity ratio |gmai(=0)/1smai(d=0)+1,ig(q=0) vs  of the first mode(largest amplitudeas a function ofg?. A
concentration, wherésy,,; andl ;g are the contributions of  linear dependence is found in all cases. From the slope of
small and large spheres to the overall scattering intensitythis graph, the diffusion coefficients are deriviske Eq.
leads to a straight lin¢see Fig. 9. This indicates that the (10)] and these results are shown in Fig. 12. For a pure
number of small spheres is linearly increasing with growingdiffusional mode one expects thatis strictly proportional to
concentration of surfactant. This again points to the fact thatj?, i.e., the lines in Fig. 11 should start from the origin. We
the mixed micelles are already saturated withT@B at a  observe a slight deviation from this behavior which is, how-
molar ratio below 32, as was indicated by @) function  ever, close to the limit of the experimental error. This devia-
resulting from the IFT analysis, and that pure surfactant mition may be attributed to the large extension of the rodlike
celles are present in the solution already at a surfactant-taggregates, which might lead to contributions from rotation
polymer ratior,,=6. The radii calculated for the smaller or internal bending movements at higlervalues. These
spheres are in good agreement with the size expected fenotions cannot be separated from the diffusional mode.
C1,TAB micelles(estimated on the basis of the length of the  Figure 12 shows that in the concentration range studied in
molecule in all-trans configurationA summary of the radii  this work, only a weak influence of the concentration on the

1. Pure polymer solutions
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FIG. 10. Typical relaxation rate distributions as obtained by a_. FIG. 12. Diffusion coefficients computed _from the slope_s in
CONTIN analysis of the experimental correlation functions for the Figs. 11 and.13. For the slow mod@dllke particles, the experi-
pure polymer solution&L00 transformation grid pointsShown are mental error is represented by the size of the symbols. In the inves-
data for 90°(circles and 150°(triangles. For 90° scattering angle tigated interval, the diffusion coefficient associated with the large
two modes are resolved. These we attribute to large rodlike mi-md!ike aggregates d(_ape_nds_ only slightly on th@BEO‘SZ concen-
celles. The second faster relaxation process can be attributed to tffation. The dashed line |nd|(?ates the extrapolatjcl)g a§°9§d'”9 to Eq.
smaller spherical micelles also observed in the respective cryo(-13)'_Thls procedure reSL_JIts n avalue_ of 4&20 m=s~". Ac-
TEM preparations. At the larger scattering angle of 150°, a thimlcordlng to the Stokes-Einstein equation, this leads to a hydrody-

low frequency relaxation appears. This can be attributed to spuriou@ami_C _radius ob-58 nm for the micellar aggre_gqtes. The diffusion
amounts of dust particles. coefficients for the smaller particldboxes exhibit a strong con-

centration dependence at low polymer weight fraction. The thin

hvdrod L f1h is f d I solid line indicates a fit according to E@L3). The concentration
ydrodynamic size of the aggregates is found. A sma confange is 0.02-0.2 Wt % of polymer.

centration dependence like this can be analyzed applying Eq.
(13). An extrapolation to zero concentration leads to a selfzre plotted vg)2. This process too seems to be of diffusional
diffusion coefficientDg of 4.22<10°*? m*/s™*. From this nature in the investigated concentration range and we assign
value, we compute a hydrodynamic radius of 58 nm for thethis mode to the smaller—presumably spherical—aggregates
rodlike aggregates of B-b-EOg,. The observed behavior is observed on the micrograplisee Fig. L In the literature,
in agreement with results obtained for other BC@sy., for some block copolymers, monomolecular micelles were
Bys-b-EOs6 [62)). observed in selective solvents at low concentrat[&@ For

In Fig. 13, the relaxation frequencies of the faster procesghe polymer studied here, such monomolecular micelles

would be much smaller than those experimentally observed,

4000 . I . I . - . - and thus we conclude that these spherical micelles also con-
,’/, sist of a larger number of polymer molecules.
[ o
» . B T T T T T
3000} 2 A
27
I /g’;’ 30000}
. 2%
22000} .32 - i
~ 2%
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i ‘;fﬁ 1 20000
o
1000} },;é - . |
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FIG. 11. Plot of thez-averaged relaxation rate for the major 20x10”  40x10”  60x10"  8.0x10"
(slow) relaxational mode vs?2. For all the investigated concentra- q2 [m-z]

tions, the observed relaxation mode depends linearlg?omt low

g a slight deviation is observable, which can be attributed to high FIG. 13. Plot of thez-averaged relaxation rafé of the second
length of the aggregates. The investigated concentration range wéfas mode vsg? at several polymer concentratiorhe concen-
0.02-0.2 wt % of polymer. tration range is the same as in Fig.)11.
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TABLE I. Results from model calculation for different shapes of [~ r T T T
the aggregates. For the calculations, a thickness of 14.75 nm for the ar =32
aggregates was used and the length was chosen to be 435 nm. 25F o r"': 6 7
m
Model DT (10 2 m?s™?) DR (s} . 2k i
(o}
Garcia de la Torre 4.19 147 _E ‘_i%_;ﬁ____ﬁ_%__ ________ _i____'
Broersma(Newman 3.85 141 T 1.5 % i .
Broersma 3.85 141 = |
Perrin 4.46 185 FQ 1+ i
The concentration dependence of this second relaxatior 051 . . . . . . ]
mode is different from that of the large aggregate=se Fig. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

12). Although at high concentrations no significant concen- concentration [weight%]
tration dependence of the translational diffusion coefficient is . - o
at low concentrations. An extrapolation according to &) mixed polymer-surfactant micelles vs overall concentration of poly-

using the three data points at the lowest concentrations leader and surfactant at two polymer-to-surfactant ratios,of 6 and

to aDg of 4.59% 10~ 23 m¥s- . A nonlinear extrapolation of rmn=32. Within the experimental precisioferror bars indicate a

relative error of 10% no significant concentration dependence is

the data of the entire concentration range, using a quadrat'é:oserved in the entire experimental range. Hence, the end state of

expression results in approximately the same valud'_)fg)r the structural transition is already reached at 6.
Based on this translational diffusion coefficient, a hydrody-

namic radius of 5.3 nm is calculated for the smaller particles
at zero concentration. As already mentioned, the observation
of two species is in qualitative agreement with observation of The mixed samples of polymer and surfactant were also
two types of species on electron micrograghee Fig. 1L investigated at different scattering angles and concentrations,
However, since the fast mode exhibits a pronounced concerand the recorded correlation functions were again analyzed
tration dependence, the size of the spherical particles olusing conTIN. In all cases, only one significant relaxation
served on the cryo-TEM imagddiameter 38.2 nishould  mode was identified for the mixed systems. In Fig. 14, the
not be compared to the hydrodynamic diameter at infiniteD™ values for samples with,,=6 andr =32 are shown as
dilution but to the value at the highest polymer concentratiora function of the overall mass concentration of the dispersed
investigated by DLS. At the highest experimental concentraphase. Within the experimental precision, no significant con-
tion the fast mode is associated with a hydrodynamic diameentration dependence of the translational diffusion coeffi-
eter of ~27 nm, which is still smaller than the value ob- cient is observable. Moreover, no significant difference be-
served by cryo-TEM. This discrepancy may be attributed intween r,,=6 andr,=32 can be detected. Therefore, it
part to the different concentrations studied in the DLS andseems straightforward to use the mean value of the diffusion
the cryo-TEM experiments, which is due to the samplecoefficient, D'=1.63<x10 ' m?s™! (indicated by the
preparation for the cryo-TEM experiments. In addition, thedashed line in Fig. 14for the calculation of the hydrody-
mode contributing with lower amplitude to the decay of thenamic radius. This yields a vali®,= 15 nm, which appears
intensity correlation functions may be slightly shifted to to be the smallest hydrodynamic radius attainable upon ad-
higher frequencies, because of the vicinity of the slow modeyition of the surfactant GTAB. This valueR,, is reached in
(attributed to the rodlike structures samples prepared by both sample preparation methids,
Simple model calculations based on different structurabngp.
models for rodlike or prolate ellipsoidal shapes lead to the Figure 15 shows the hydrodynamic radii computed from
results given in Table I. These calculations are based on pLS results as a function of GTAB concentration. A drastic
cross-sectional radius of the aggregates of 14.75(@sti-  decrease oR, with increasing low-molecular-weight surfac-
mated on the basis of the SANS data for the pure polymefant concentration is observable. This decrease is even more
solutions; see Sec. IV)CThe value of the contour length  yemarkable when taking into account that the total volume
was adjusted to 435 nm to obtal' values matching the fraction of the dispersed phase is increased upon addition of
experimental result of 4.2210"** m?s™*. This is in rather  the surfactant. The decrease in hydrodynamic dimension can
good agreement with the result from static light scatteringpe explained by a structural transition from elongated struc-
taking into account the crudeness of the approach of neglectyres to spheres. Figure 15 also reveals a significant depen-
ing the elasticity of the rodlike structures. From the com-dence on the hydrodynamic radius at moderate surfactant
puted values forDR (see Table), it is obvious why the concentrations and the method of sample preparation. When
rotational motion cannot be resolved in a VV geom¢89].  the mixed aggregates are prepared such that the CMC of the
Using the radius of gyratioRy calculated in Sec. IVB1 surfactant is exceeded during the sample preparation, one
and the hydrodynamic radid, of 58 nm, the ratidR, /R is  observes a rather sharp decreas®gpft relatively low sur-
2.5. This is a typical value for the rodlike structufé&s]. factant concentrations. Conversely, when the samples are

2. Polymer-surfactant mixtures
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TABLE II. Analysis of the SANS data in terms of the indirect
60 ¥ Method A Fourier transform(IFT) formalism and the fit by two polydisperse
o Method B
1 spheres.
50 1
; Fit with polydisperse sphere model
404 IFT [40,41,43 Ry mixed Ry C15TAB
E - RO (nm) micelles(nm) micelles(nm)
o 304 0 14.75
1 3.3 12.75
20+ 6 12 7.3 1.6
1 o 10 11.5 7.0 1.8
10+ 32 11 7.5 2.0
0 5 10 15 20 25 30
r =0.5 nn?), and estimated values of the head group area of
the polymer and surfactant in a spherical micelbs
FIG. 15. Hydrodynamic radifrelated to the slow modeas ob- =2.5 nnf and ap=0.8 nnf, we derive an approximate

tained from DLS experiments with increasing,TAB concentra-  value N~110 for the number of polymer molecules in the
tion. Shown are the values for both different preparation methodsmixed aggregates. This estimate of the aggregation number
is sensitive to the value dRy (see Table ), but rather in-
prepared in such a way that the CMC of,TAB is never  sensitive to the chosen valuesaf, ag, andvg. The esti-
exceeded, the decay in hydrodynamic dimensions is broadnated value oN again shows that the mixed aggregates do
ened and shifted towards higher surfactant concentrations. Aot represent single-polymer molecules decorated by surfac-
possible explanation for this behavior would be kinetic hin-tant, as observed for other types of polymgs,25,26, but

drance of the structural rearrangement. contain a large number of polymer molecules.
From the radius of gyration as computed on the basis of
the SANS experiments on a sample with=32, and the V. CONCLUSIONS

respective hydrodynamic radius of the mixed micelles, the N

theoretical value for hard spherggs]. ionic surfactant G,TAB to extended rodlike aggregates of
the block copolymer Byb-EO;, induces a transition to
rather monodisperse spherical mixed micelles of polymer
and surfactant. These mixed micelles still contain severfal
The preceding results can be understood by looking at thghe order of 10ppolymer molecules. This behavior is differ-
geometrical parameters of the block-copolymer moleculegnt from findings in other block-copolymer—surfactant sys-
and the surfactant. tems in which a transition to micelles composed of a single
The aggregation number of the rodlike polymer aggrepolymer with a larger number of surfactant molecules has
gates in the absence of surfactant can be estimated from iteen observed.
radius and the dimensions of a single polymer molecule. The pure B, b-EQs, forms mainly rodlike aggregates in
effective volume of a Byb-EQs,; molecule in watervp,  aqueous solutions. This result is in agreement with findings
estimated on the basis of Tanford's relat{@®] is 13.2 nn?  in previous studies of similar polymef29,62. However, for
(4.35 nnt for By, plus 8.84 nm for EQs,, including two  the present polymer these elongated structures coexist with
water molecules per oxygen atpnfrrom this value and the smaller spherical micelles, which were not observed in these
volume per unit length of the rodlike aggregatéd, earlier studies. The spherical aggregates are clearly recog-
=680 nnt (based on the radiuB,=14.75 nm as obtained nized in cryo-TEM, but due to their smaller size do not sig-
by SANS, the aggregate is estimated to contaM} nificantly influence the scattering behavior.
=V, /vp=>52 polymer molecules per nanometer, in reason- The contour lengti. of the rodlike aggregates is ca. 500
able agreement with the value of 57 molecules per nanomam (from SLS and their cross-sectional diameter was deter-
eter obtained from the SLS measurements. This estimateglined to be 29.5 nm by means of SANS, agreement with the
aggregation number corresponds to a mean area pgs EOvalue of 33.4- 3.4 nm obtained by cryo-TEM. An estimate
block of ca. 1.8 nrh at the outer surface of the aggregates. of the contour length. on the basis of the translational dif-
The aggregation number of the spherical polymer-fusion coefficient, applying hydrodynamic models for stiff
surfactant mixed aggregates can be estimated from their votods, leads to a value= 435 nm. We attribute the difference
umeV=Nvp+nvg and surface areA=Nap+nag, where  between these results to the omission of flexibility in the
N andn denote the numbers of polymer and surfactant molused hydrodynamic models. The rafy /R, for the pure
ecules,up andvg the volumes of polymer and surfactant polymer aggregates is 2.1 or 2.5, depending on which value
moleculesap andag the respective mean “head group” ar- for L is used to calculate the radius of gyration. The most
eas. From the radius of the aggregais= 7.5 nm, the Tan- important finding of this study is the observation of a struc-
ford values of the molecular volumes {=13.2 nn¥, vg tural transition from the rodlike aggregates of the pure poly-

E. Geometrical considerations
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mer to smaller spherical aggregates which is induced by thexists a threshold concentration for the low-molecular-
cationic surfactant. This transition is clearly documented byweight surfactant. Above this concentration additional sur-
cryo-TEM and all scattering techniques used in this workfactant is not incorporated in mixed micelles, but forms
The hydrodynamic radius of the resulting mixed aggregatesmall micelles on its own. However, preliminary studies with
is ca. 15 nm and the ratiBy /Ry, is 0.73, in agreement with  a different surfactanSDS indicate that this behavior is not
the theoretical value for spherd$5]. The rod-to-sphere universal [24]. Currently, investigations are in progress
structural transition of the present block-copolymer plus surstudying the effect of SDS on the,8b-EQ;, aggregates
factant system has a remarkable analogy with a similar trarf-71].

sition recently found in aqueous systems of the nonionic sur-

factant G.Es5 by the addition of a fatty alcohddodecandl
as a cosurfactarj21]. In the present system, the threshold ACKNOWLEDGMENTS
concentration of the cosurfactan{LTAB at which this tran- This work was supported by the Deutsche Forschungsge-

sition occurs is dependent on the sample preparation. Tentaseinschaft through the Sonderforschungsbereich 448. The
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