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For diblockcopolymers of polybutadiene-poly(ethyleneoxide) (PB-PEO) type, water is a selective solvent. In
dependence of the length of both blocks and the block length ratio, these polymers form a multitude of
self-assembled structures in solution. In the present work scattering methods are used to investigate the
water-soluble polymer PB125-PEO155. It is found to form long rodlike micelles, which are characterized with
respect to the aggregate lengthL, the cross sectional radiusRCS, the radial scattering length density profile
ssrd, and the radial aggregation numberNrad. Model-independent as well as model-based approaches are used
for the scattering data analysis. From dynamic light scattering(DLS) and static light scattering(SLS) experi-
ments the weight averaged lengthLw of these stiff elongated aggregates is determined toLw=350 nm. Small
angle neutron scattering(SANS) reveals a cross sectional radius ofRCS=17 nm and in combination with
results from the SLS the radial aggregation number is found to beNrad=70.
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I. INTRODUCTION

In recent years the self-assembly behavior of block co-
polymers (BCP’s) in selective solvents was subject to an
increasing number of studies[1–9]. The obtained size and
shape of aggregates can be controlled by composition and
molar mass of the two respective blocks. This leads to the
potential use of BCP aggregates as templates for the synthe-
sis of nanoporous materials or nanoparticles[10–15]. Various
nanoporous geometries can be obtained using aggregates of
different shape. Moreover, aqueous BCP solutions are of
great interest because of their similarities with biological
systems[16,17]. In several of these studies it was shown that
light scattering is a useful technique to investigate the behav-
ior of BCP’s [7–9].

The phenomenon of self-assembly is already well known
from surfactant systems. In contrast to surfactants, the di-
mensions of block copolymers are one order of magnitude
larger and they have a very low critical micellar concentra-
tion (e.g., 3−5 mg/ l for diblock oxyethylene/oxybuthylene
copolymers[18], and see Refs.[19–23]). A BCP in solution
can form cylindrical as well as spherical micelles at low
concentrations[24,25]. The dominating structure of the BCP
aggregates in a given system seems to depend on several
different parameters, such as, for instance, the total length of
the chain and the block length ratio of the hydrophilic and
the hydrophobic part. These relations were investigated by
Bates and co-workers[24] for the block copolymer

poly(butadiene)-poly(ethyleneoxide) with different block
length ratios using the method of Cryo-TEM. It was found
that, at higher block volume ratio PEO to PB, spherical mi-
celles are formedsNPEO/Ntotal.0.6d, and at lower block vol-
ume ratiossNPEO/Ntotalø0.6d cylindrical micelles can be ob-
served. For example PB104-PEO166 forms cylindrical
micelles in aqueous solution with a core diameter of around
16 nm and a total diameter of around 49 nm(from Cryo-
TEM). In another work[26] Bateset al. investigated the core
and shell dimensions of cylindrical and spherical aggregates
in aqueous solutions by small angle neutron scattering
(SANS). For PB69-PEO132 sNPEO/Ntotal=0.66d they found
spherical micelles with a core diameter of 22.4 nm and a
total diameter of around 50 nm. The interfacial area per mol-
ecule is found to be a0=1.16 nm2. For PB69-
PEO67sNPEO/Ntotal=0.5d they found cylindrical micelles with
radial core diameter of 14.8 nm and a total radial diameter of
41.2 nm. The aggregation number per nm was determined as
N=40 nm−1 and the interfacial area per molecule isa0
=1.18 nm2. In a recent work by Won and co-workers[25]
BCP of the type PEE-PEO were found to form not only
spherical and wormlike micelles, but also vesicles in depen-
dence on the block length ratio. They showed that there is a
transition from bilayers(vesicles) via cylinders to spheres
with increasing degree of polymerisation of the PEO block.
It was also found that there is a broad overlapping range
where two micellar structures coexist.

In addition to the variation of overall BCP length and
block length ratio another approach to control the BCP-
aggregate shape is known. By addition of low molecular
weight amphiphils to BCP solutions it is possible to alter the
packing parameter in the micellar structures.
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In Ref. [27] Förster and co-workers investigated the dif-
ferent micellar structures of PB125-PEO155 using mainly
transmission electron microscopy(TEM) in a wide concen-
tration range. The obtained micrographs revealed the exis-
tence of rodlike micelles in aqueous solutions of this BCP
over the entire investigated concentration range from
c,0.02 wt. % up to 30 wt. %[3,27,28]. However, due to the
size of the aggregates it is a difficult task to obtain reliable
averages for their length and their polydispersity from elec-
tron microscopy. Hence, in the present study we investigate
the size, shape and polydispersities of PB125-PEO155 micelles
in dilute aqueous solutionsc=0.02–2 wt. %d by means of
static and dynamic light scattering. Application of these tech-
niques to rod-like structures was reviewed by Russo[29].
Static light scattering(SLS) gives an experimental form fac-
tor Psqd which can be fitted by the respective models. In
addition the molar mass of the found aggregates is deter-
mined by SLS. The analysis of the dynamic light scattering
(DLS) data is done with the model-independent inverse
Laplace-transformation method and by applying a theory of
Pecora developed to describe the dynamic behaviour of stiff
rods [30,31]. In addition to the light scattering experiments
also small angle neutron scattering(SANS) experiments are
presented. SANS provides knowledge of the cross section of
the PB125-PEO155 aggregates.

II. MATERIALS AND METHODS

A. Polymer

The presented block-copolymer poly-butadiene-b-
polysethylene-oxided with the block lengths 125 and 155,
respectively, was synthesized according to the procedure de-
scribed by Försteret al. [28]. The analysis of the molecular
weight of the polymer was performed by gel permeation
chromatography(GPC) and the degree of polymerization of
the PEO block was calculated from the molar ratios of
PB/PEO from1H-NMR. The polydispersity, given by the
ratio of Mw/Mn was found to be 1.02.

B. Light scattering (LS)

The solvent used for all light scattering experiments was
high purity water from a Milli-Q water purification system
by Millipore/Waters. A stock solution of 0.2 wt. % of poly-
mer was diluted to 5 lower concentrations, namely, 0.16,
0.12, 0.08, 0.04, and 0.02 wt. %. All samples for the light
scattering experiments were directly filtered into dust free
cylindrical quartz cells(Hellma, Germany) with an inner di-
ameter of 0.8 cm using filters with a pore size of 200 nm
(Schleicher & Schuell, Spartan 30/0.2 RRC, or Whatman
anotop 10).

LS measurements were performed using commercial
equipment for simultaneous static and dynamic experiments
from ALV-Laservertriebsgesellschaft(Langen, Germany).
The light source employed was a Coherent 315M-150 fre-
quency doubled diode pumped solid state laser, operating
with a constant output power of 150 mW atl=532 nm.
Temperature control of the samples better than 0.1 K was
achieved by using a Toluene thermostating bath, which 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 obtained preamplified fluctuating intensity signal
was then time autocorrelated using an ALV-5000 multiple
hardwire correlator(256 channels, first lag time 200 ns). Dy-
namic light scattering experiments were performed in an an-
gular range between 30°,u,150°, resulting in an agular
range of 0.008,q,0.030 nm−1.

For the static light scattering experiments the static(inte-
grated) intensity was normalized to the primary beam inten-
sity and brought to absolute scale by using a toluene refer-
ence for calibration[32]. 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 agular range of
20°,u,150°, that corresponds to a scattering vector range
of 0.008,q,0.030 nm−1. The refractive index increment
dn/dc, which is necessary for the calculation of the contrast
factor K, was measured with a commercial refractometer
(DR1/b, Baur Electronics), dn/dc=0.125 g/g. The resulting
contrast factor isK=22.9 mol cm2 g−2 (see Sec. III A).

C. Small angle neutron scattering (SANS)

In SANS experiments diluted samples would exhibit a
very low scattering intensity, which leads to unacceptable
high measuring times. Therefore, compared to the light scat-
tering experiments a higher concentration was used(2
wt. %). Scattering contrast for the small angle scattering ex-
periments was generated by using D2O from Sigma Fine
Chemicals(isotopic purity.99.8%) as the solvent.

The small angle neutron scattering experiments presented
here, were carried out at the Institute Laue-Langevin(ILL ) in
Grenoble, France, at the instrument D11. Making use of a
mechanical selector(Dornier) the neutron wavelength was
chosen to be 8 Å. The wavelength spread was approximately
±10%. The chosen sample-to-detector distances(1.1, 3, 5,
16, and 36 m) cover aq range from 0.0027 to 1.4 nm−1. The
data were collected on a two-dimensional3He detector with
64364 elements. Due to the isotropic character of the scat-
tering from the solutions under investigation, the raw data
were circularly averaged. After correction for the scattering
of the solvent and the empty cell, the data were brought to
absolute scale. Calibration of the data was done with H2O as
the standard. All the data reduction steps described above
were done using the software packageGRASP provided by
the ILL.

III. THEORY

A. Static light scattering (SLS)

The normalized static light scattering intensityRsqd
(Rayleigh-Ratio) for particles in dilute solution can be writ-
ten as[32]

Rsqd = KcMwPsqdSsqd, s1d

wherec is the mass concentration,Psqd is the particle form
factor,Ssqd is the structure factor, andq is the magnitude of
the wave vector
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q = 4p
n

l0
sinSu

2
D , s2d

with the scattering angleu andK is the contrast factor given
by

K = 4p2 n2

l0
4 NA Sdn

dc
D2

, s3d

with the refractive indexn of the solution, the wavelengthl0
of the radiation, the Avogadro constantNA, and the refractive
index incrementdn/dc of the particles. In the highly diluted
regime the structure factorSsqd=1 and can be neglected.
Then theq dependence ofRsqd is described by the particle
form factor Psqd. A common representation of Eq.(1) to
analyse SLS data with respect to the weight-average molar
massMw and thez average of the radius of gyrationRg,z is
[33–35]

Kc

Rsqd
=

1

Mw
S1 +

1

3
Rg,z

2 q2D , s4d

where the form factorPsqd is replaced by its Debye approxi-
mation. For elongated structures, as wormlike micelles, sev-
eral model form factors can be used to analyze the measured
q dependence ofRsqd. As the cross section of micellar
wormlike structures do not affectRsqd in theq regime of the
light scattering experiments, the different models only have
to consider different degrees of stiffness and a distribution of
the contour lengthL of the wormlike aggregates. The most
simple approach for a data analysis is a model form factor
Psqdrod for stiff thin cylinders with monodisperse lengthL
[36]

Psqdrod =
2

qL
E

0

qL sinsqld
ql

dql − 4SsinsqL/2d
qL

D2

. s5d

For self-assembled wormlike aggregates it is obvious to
consider a length distribution. For several investigated
equivalent systems[37–40] an asymmetric distribution
psk,L ,Lwd according to Schulz-Zimm[41] is used to de-
scribe such a length distribution

psk,L,Lwd =
fsk + 1d/Lwgk+1 Lk expf− sk + 1dL/Lwg

Gsk + 1d
, s6d

with k=1/sMw/Mn−1d, the gamma functionGsk+1d, and
the mass average of the contour lengthLw. Taking into ac-
count this length distribution as the measuredz average of
the contour lengthL the form factor for stiff rods[Eq. (5)]
then becomes[37]

Psqdpoly =

E
0

`

L psk,L,Lwd PsqddL

E
0

`

L psk,L,LwddL

. s7d

The number averageLn, the mass averageLw, and thez
averageLz of the contour lengthL are given by

Ln =

o
i

Ni Li

o
i

Ni

, Lw =

o
i

Ni Li
2

o
i

Ni Li

, Lz =

o
i

Ni Li
3

o
i

Ni Li
2
, s8d

with the numberNi of aggregates with lengthLi. The flex-
ibility of wormlike aggregates can be described in terms of
the ratio between the contour lengthLw and the Kuhn-length
LK. For theq range of light scattering experiments Koyama
[42] has derived a form factorPsqdWC for flexible wormlike
chains

PsqdWC =
1

lK
2E

0

lK

slK − xdexpS−
1

3
sq8d2 xfsxdDsinfq8 xgsxdg

q8 xgsxd
dx,

s9d

with the dimensionless quantitylK defined by Koyama,
which is related to the contour lengthL. The functions
q8 ,xfsxd ,xgsxd are defined in Koyama’s publication[42],
wherexfsxd andxgsxd are functions of the Kuhn lengthLK.
The Kuhn lengthLK is the length of a stiff segment in the
flexible aggregate chain. As can be seen from Eq.(9) this
form factor includes the form factor for stiff rods with length
LK at high-q values and a Guinier approximation to account
for the large scale structure of the particles at low-q values.
As in the case of the model for stiff rods a length distribution
can be considered here[see Eq.(7)]. Applying Eq.(7) to the
static light scattering data will lead to information about the
average contour lengthLw, the polydispersity parameterk,
and the flexibilityLw/LK of the aggregates. It should be men-
tioned here that the Koyama approach is only valid when the
flexibility of the investigated aggregates is low(which is the
present case). For structures with a significantly higher flexi-
bilty better description were given by Pedersen and co-
workers[43,44].

If the cylindrical aggregates are stiff, theq dependence
should be describable with the form factor for stiff rods but if
the aggregates are markedly flexible significant deviations
between the model form factorPsqdrod,poly and the data
should occur. The form factor of Koyama,PsqdWC,poly,
should be valid for both, stiff and flexible aggregates. A ratio
Lw/LK=1 is characteristic for stiff andLw/LK@1 is charac-
teristic for flexible aggregates.

B. Small angle neutron scattering (SANS)

The analysis of the SANS data is based on the same prin-
ciples as outlined for the static light scattering data. Small-
angle scattering curves from colloidal solutions can be rep-
resented by

Isqd = CDs2PsqdSsqd, s10d

whereC is a concentration-dependent factor, andDs is the
excess scattering length density of the particlessDs
=sparticle−ssolventd. For low concentrations and intermediate
or large values ofq for spherical[45,46] and also for rodlike
particlesSsqd=1 [47], hence the analysis of the experiments
has mainly to focus on the particle form factor. The structure
factor of rodlike particles in concentrated solutions was dis-
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cussed by Weberet al. [48] and by Kleinet al. [49]. How-
ever, in the present study the concentration is sufficiently low
and hence, only the form factor will be considered in the
following.

Due to theq range in a SANS experiment the dimension
of the cross sectional radiusRCS of the rods has to be taken
into account in the form factor. For cylinders with a given
cross-sectional radius, Eq.(5) transforms into[36]

Psqdcyl =E
0

p/2 S2
J1„qRCS,homsinsad…

qRCS,homsinsad
·

sin„ 1
2qLcossad…

1
2qLcossad

D2

3sinsadda. s11d

J1 is the spherical Bessel function of the first order and
RCS,hom is the cross-sectional radius assuming a homoge-
neous scattering length density over the cross section. The
anglea is enclosed by the scattering vectorq and the long
axis of the cylinder. A Schulz-Zimm distribution of the
lengthL can be considered as in the case of the form-factor
of a stiff rod [see Eq.(7)].

A model-independent analysis of the SANS data accord-
ing to the indirect Fourier transformation method by Glatter
[50–52] yields the pair distance distribution functionpsrd,
and the Fourier transform ofpsrd representsIsqdfit ,

Isqdfit ~ 4pE
0

`

psrd
sinsqrd

qr
dr. s12d

If the data analysis is made for a broadq-range the pair
distance distribution functionpsrd is affected by the length of
the cylinders. For different three-dimensional particle shapes
the one-dimensionalpsrd function shows characteristic fea-
tures and allows to differentiate between different particle
shapes[50]. If only the high-q range is enclosed in the analy-
sis and the particle symmetry(cylinder) is predefined the
psrd function of the cross section is computed and thus an
upper limit for the cross sectional radius. With the assump-
tion that the cross section is radially symmetric the deconvo-
lution of psrd gives the radial scattering length density dis-
tribution function ssrd [53]. The software packageITP by
Glatter[50–52] is used for this data analysis. From the cross
sectionalpsrd function an equivalent radius of a homoge-
neous cross sectionRCS,equican be calculated and compared
to the radiusRCS,hom from the form-factor analysis. The
square ofRCS,equi is given by[53]

RCS,equi
2 =

E
0

`

psrdr2dr

E
0

`

psrddr

. s13d

C. Dynamic light scattering (DLS)

The scattering intensityI at a given scattering vectorqW
depends on the relative positions of the scattering particles in

the scattering volume. The diffusion of the particles results in
an intensity fluctuationIstd, with t representing time.I is
proportional to the square of the scattered electric fieldkEl2.
The fluctuations ofI or E can be analyzed in terms of corre-
lation functions[54]. The normalized electric field autocor-
relation functiong1std contains the information about the
dynamics of the scatterers. In polydisperse samples each par-
ticle size contributes tog1std with a specific exponential de-
cay. Hence the correlation function is given by a weighted
sum of exponentials

g1std =E
0

`

GsGdexps− GtddG, s14d

where GsGd is the distribution function of relaxation rates
G ,G=Dtrq

2, with Dtr the translational diffusion coefficient
[30]. g1std can be measured directly in a heterodyne light
scattering experiment. However, it is more convenient to per-
form a homodyne experiment, which leads to the intensity
time autocorrelation functiong2std,

g2std =
kE * stdEstdE * st + tdEst + tdl

kIl2 . s15d

g1std andg2std are connected by the Siegert relation

g2std = aug1stdu2 + b, s16d

wherea is the amplitude andb a baseline parameter. These
two parameters have the value one in a perfect experiment.
The data forg1std can be analyzed in a model-independent
way. Most common is the analysis by an inverse Laplace
transformation ofg1std, using theFORTRAN programCONTIN

[55,56]. The resulting relaxation rate distribution function
GsGd contains information about thez-averaged relaxation

rate Ḡ, and the polydispersity. In the present system the par-
ticles have a highly anisotropic shape, which leads to contri-
butions from translational as well as rotational diffusion.
Several models have been proposed to describe the dynamic
behavior of cylindrical or wormlike particles. The cylindrical
particles presented in this work are stiff, i.e., the Kuhn-length
LK is of similar magnitude as the contour lengthL. To de-
scribe these stiff elongated particles we use a model of stiff
rods derived by Pecora[29,31,54], which accounts for the
rotational and the translational motions. The translational
motion can be described by one averaged diffusion coeffi-
cient Dtr which is independent of the rotational diffusion
sDrotd. The overall motion of the particle is determined by
combinations of translation and rotation. As can be seen
from Eq. (17), the resulting intermediate scattering function
is a sum of these different types of motion. The amplitudes
Sn of the resulting modes relate to different length scales in
relation to the lengthL, as they depend on the product ofq
and the lengthL.
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g1,rodst,Ld = o
n=0

3

Sns2n,qLd

3exp„− hDtrq
2 + f2ns2n + 1dg ·Drotj · t….

s17d

The amplitudesSn are proportional to the square of the inte-
gral over a spherical Bessel function of 2nd order[29]. For
values ofqLø4, only the pure translationsS0d contributes to
the intermediate scattering function. For values ofqLø15,
the first three modes have to be taken into account[29]. In
the present studyqL has a maximum value of around 15
(qmax=0.03 nm−1 and Lmax=500). In most of the previous
publications using this model only the modes withn=0 and
n=1 are taken into account. Both the translational diffusion
coefficient and the rotational diffusion coefficient depend on
the geometry(length L, diameterd) and flexibility sLw/LKd
of the rods. For rigid particles, Kirkwood and Riseman de-
rived a relation between the diffusion coefficients and the
particle geometry, based on the Oseen approximation[57],
viz.,

Dtr =
kBT

3ph0L
lnSL

d
D andDrot =

9Dtr

L2 , s18d

wherekB is the Boltzmann constant,T the temperature, and
h0 the viscosity of the solvent. The model of Broersma
[58,59], even in its corrected form, does not provide a better
representation than the simple Kirkwood-Riseman approach
[29]. However, for real systems the distribution of rod
lengthsL has to be taken into account. In the present work,
the Schulz-Zimm distribution was adopted. The measured
g2std of polydisperse stiff rods can be analyzed by applying
Eq. (17) in combination with the Siegert relation[Eq. (16)].
This model-based analysis leads to the average lengthLw, the
diameterd, and the shape and width of the length distribu-
tion. The field correlation functiong1std is then given by

g1,rodstd =

o
L

Lpsk,L,Lwdg1,rodst,Ld

o
L

Lpsk,L,Lwd
, s19d

wherepsk,L ,Lwd is the mass distribution[Schulz-Zimm, Eq.
(6)] of lengthL. The diffusion coefficientsDtr andDrot were
calculated from the lengthL and the diameterd using the
Kirkwood-Riseman relation(18). The parameters of the
model are independent ofq, except the amplitudea. Hence a
parameter set for a givenq value must describe the dynamic
behavior at otherq values as well. To implement this into the
data analysis, a simultaneous fit ofg2std at four differentq
values was performed, where only the amplitudesa can have
different values for the differentq values. The lengthLw and
the polydispersity parameterk have the same values for the
four different angles. The baseline parameterb is set to the
individual constant value at high correlation times ofg2std at
the differentq values(bexp=1±0.004 covers all cases).

IV. RESULTS AND DISCUSSION

A. Static light scattering (SLS)

SLS was performed with a 0.02 wt. % solution of
PB125-PEO155 in water. Analyzing the initial slope of
Kc/Rsqd vs q2 at low-q values gives thez average of the
radius of gyrationRg=124 nm according to Eq.(4). The in-
tercept gives the molar massMw=1.623108 g/mol. To ana-
lyze the whole experimentalq range this low-concentration
curve is plotted as a Holtzer diagramfqRsqd /Kc vsqg in Fig.
1. In the same figure also the form factors used for the analy-
sis are shown: polydisperse rigid rod[Eqs. (5) and (7)] and
polydisperse wormlike chain[Eqs. (7) and (9)]. As one can
see, both the form factor for polydisperse rigid rods and
wormlike chains describe the experimental data similarly
well, although the form factor for polydisperse rigid rods has
no flexibility included and the form factor for wormlike
chains of Koyama is for flexible aggregates. The mass-
averaged lengthsLw of the aggregates were found to be 389
and 380 nm, respectively(see Table I). The Kuhn length
given from the Koyama fit is 410±30 nm(from LK=380 to
440 the quality of the fit isx2ø1.1xmin

2 ). This values equal
the contour length, and hence one can say that the aggregates
must have a very low degree of flexibility and that they are
approximately stiff. As a comparison in Fig. 1 the form-
factor for wormlike aggregates(Koyama) is plotted for dif-
ferent decreasing values of the Kuhn lengthLK, i.e., for a
higher flexibility. These form factors for wormlike chains
with a non-negligible degree of flexibility are not able to
describe the measuredq dependence. Both applied form fac-
tors account for polydispersity using a Schulz-Zimm distri-
bution. The polydispersity in terms ofMw/Mn resulting from
the form-factor fits is also given in Table I. The respective
experimental values of around 1.5 are in good agreement
with other experimental results for such self-assembled
wormlike chains[37–39]. From the distribution function[Eq.
(6)] the number andz average of the contour length can be
calculated according to Eq.(8) (see Table I).

To make sure that the values forLw,Mw/Mn, andLK de-
rived from the fits are physically meaningful, it was checked

FIG. 1. Holtzer-plot of the experimental Raleigh-Ratio
Rsqd /Kc=MwPsqd of a 0.02 wt. % PB125-PEO155 solution in H2O
at 25 °C(symbols). Model form factors are fitted to the data: poly-
disperse rod(straight line) with Lw=389 nm andMw/Mn=1.2;
polydisperse wormlike chain withLw=380 nm,Mw/Mn=2, and
LK=410 nm (---). As a comparison the model form factors of
wormlike chains with a higher flexibility, i.e., lower Kuhn-length
LK, are depicted, tooLK=200 nms· · · ·d andLK=100 nm(---).
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that they reproduce the experimental value of the radius of
gyrationRg,z determined according to Eq.(4), as given by the
formula of Benoît and Doty[38,41] for polydisperse worm-
like chains

Rg,z
2 = Lk

k + 2

6y
−

Lk
2

4
+

Lk
3

4Lw
−

Lk
4

8ksk + 1dSy2 −
yk+2

y + 2/Lk
D ,

s20d

with y=sk+1d /Lw,k=1/sMw/Mn−1d and Lw is the weight-
average of the contour length. For rigid rodsRg,z is given by
[41]

Rg,z
2 =

sk + 3dsk + 2d
sk + 1d2

Lw
2

12
. s21d

For both form factors the experimental radius of gyration
Rg,z=124 nm is reproduced with good accuracy,Rg,z
=122 nm andRg,z=130 nm, respectively(see Table I). From
the fits of Rsqd /Kc with the model form factors the aggre-
gates molar mass is obtained from the intercept[see Eq.(1)].
The acquired values areMw=1.673108 g/mol for the model
of Koyama andMw=1.683108 g/mol for the model of poly-
disperse rods. These values are approximately independent
of the concentrationc, since the solution under investigation
is highly dilutedsc=0.02 wt.%d and the dynamic light scat-
tering experiments(see below) only reveal a minor concen-
tration dependence of the translational diffusion coefficient
Dz,app (see Fig. 7). This clearly indicates thatSsqd=1 at a
concentration of 0.02 wt. %. The molar mass and the mass
averaged contour lengthLw give the linear mass density of

the aggregatesML=Mw/Lw=4.73105 g mol−1 nm−1 (with
Lw=370 nm andMw=1.653108 g/mol, see Table I). From
the molar massMw,p=13 570 g mol−1 of a single polymer
molecule the aggregation numberNMw

and from the linear
mass densityML the aggregation number per nmNMw,nm of
the aggregates can be estimated byNMw

=Mw/Mw,p=12 100
andNMw,nm=ML /MMw,p=35 nm−1.

For comparison these two aggregation numbers can also
be calculated from the aggregate volumeVa=pRCS

2 Lw
=2.153105/4.03105 nm3 (see Table I) and an estimated
volume of a single polymer moleculeVBCP=35.3 nm3 (ac-
cording to Ref.[60] and see Refs.[61,62], per EO segment
two H2O molecules are taken into account). The aggregation
number is than given byNV=Va/VBCP=11 240 and the ag-
gregation number per nm is given byNV,nm=Va/ sLwVBCPd
=32 nm−1. To calculate the radial aggregation numberNrad
the length of one PB125-PEO155 molecule along the aggre-
gates long axis lBCP,cyl must be estimated, Nrad
=NV,nmlBCP,cyl. The areaABCP of one BCP molecule at the
cylinder surface can be calculated byABCP=Acylinder/NV
=5 nm2, with Acylinder=2pRCSLw=30.83103 nm2. Assuming
a squared surface area per BCP molecule the surface length
lBCP,cyl is ÎABCP=2.2 nm. The resulting radial aggregation
number is Nrad=70. The headgroup areaa0 of a
PB125-PEO155 molecule in the aggregate is given bya0
=Acore/NV=2.29 nm2, with Acore=2pRcoreLw=25 730 nm2.
Rcore can be estimated from the volumeVBCP, the volume of
the PB block,VPB=13.5 nm3, and the radiusRCS=19 nm and
is calculated toRcore=11.7 nm. From the headgroup areaa0,
the volume of the hydrophobic segmentVPB and the length

TABLE I. Structural parameters for PB125-PEO155 aggregates in aqueous solution
s0.02 wt. %,c,2 wt. %d as obtained by analyzing the SLS, DLS, and SANS data.

SLS DLS SANS

Eq. (4) Koyama Rod CONTIN Pecora(Rod) IFT Cylinder

Rg,zsnmd 124

RH,zsnmd 60±6 81

Rg,z/RH,z 2a 1.6b 2 1.8

Dtr,zsm2/sd 4±0.4310−12 3.02310−12c

Mw/Mn 2.0 1.2 1.5–2 1.3

Lnsnmd 254 325 190±50 191

Lwsnmd 380 389 340±30 200d 250

Lzsnmd 508 455 290 475±40 305

LKsnmd 410±30

Rg,zstheord 122e 130f 146f 97

Mwsg/mold 1.623108 1.673108 1.683108

Mw/Lwsg/molnmd 4.43105 4.33105 4.93105

RCSsnmd 19d 14

RH,CSsnmd 13–15

aWith RH,z from CONTIN andRg,zstheor.d.
bWith RH,z from Pecora-model andRg,zstheor.d.
cWith Eq. (18) usingd=28 nm andLz=475 nm.
dMaximum dimension frompsrd.
eWith Eq. (20).
fWith Eq. (21).
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of the hydrophobic segmentRcore the packing parameterP
can be calculated according to

P =
VPB

a0 Rcore
. s22d

The resulting value is P=0.50. In the range
0.333, P,0.5 cylindrical particles are expected and from
0.5 to 1 flexible double layers are expected. The found value
of P=0.5 is consistent with the cylindrical shape already
assumed by using the from factors of a cylinder and a worm-
like chain. One can conclude that a model for stiff rods with
a Schulz-Zimm length distribution describes most of the fea-
tures of the block-copolymer aggregates under investigation,
and hence, justifies the use of the Pecora-model for rigid rods
with a Schulz-Zimm-like polydispersity to describe the DLS
data.

B. Small angle neutron scattering (SANS)

SANS is used to determine the cross sectional radiusRCS,
and the radial scattering length density profilessrd of the
cylindrical aggregates.

1. Model-independent analysis

In Fig. 2 the experimental SANS intensityIsqd of a 2
wt. % PB125-PEO155 solution in D2O is depicted. The analy-
sis of a broad experimentalq range including the low-q val-
ues with the IFT method gives the pair distance distribution
function psrd shown in the inset in Fig. 2. In the analyzedq
range, 0.0027 nm−1,q,0.4 nm−1, aggregate dimensions
from 12 to 500 nm determine theq dependence ofIsqd. The
upper limit is a measure for the aggregate lengthL and the
lower limit equals approximately the cross sectional radius
RCS. The resulting shape of the two-dimensionalpsrd func-
tion is typical for cylindrical particles. The maximum length
scale srmax<200 nmd is significantly below the aggregate
length Lw determined with SLS(see above) and DLS (see
below). This might be due to an influence of the structure
factor Ssqd at low-q values. A discussion of this effect is
given below(model-dependant analysis).

The softwareITP by Glatter gives the possibility to pre-
define a particle shape during the analysis. In case of a cyl-

inder this reduces the analysis of a three-dimensional aniso-
tropic shape to the analysis of a two-dimensional radial
symmetric geometry, the cross section of the cylinders. The
deconvolution of the resulting radial pair-distance distribu-
tion function psrd is the radial excess scattering length den-
sity profile ssrd [53]. In Fig. 3 the experimental SANS in-
tensity Isqd of a 2 wt. % PB125-PEO155 solution in D2O is
depicted again. Analyzing the highq range of Isqd
s0.1 nm−1,q,1.4 nm−1d with the IFT method and a pre-
defined cylindrical shape gives a maximum dimension of the
cross sectiondCS,max=35 nm. From the resulting radial pair
distance distribution functionpsrd (see inset in Fig. 3) the
radial excess scattering length density profilessrd is calcu-
lated. The resulting profile is plotted in Fig. 4 and it is con-
sistent with a core shell cylinder model, when the alkyl
chains(PB) are forming the core and the hydrophilic oxyeth-
ylene chains(PEO) are forming the outer layer(corona): In
this case, the core will exhibit the highest contrast against the
solvent sD2Od, while the hydrated oxyethylene chains will
exhibit a much smaller contrast. The shape is similar to
chemically comparable self assembled wormlike aggregates
[39,63] and the upper limit of the cross sectional radius can
be estimated toRCS,dis=19 nm.

2. Model-dependent analysis

In Fig. 5 the experimental SANS intensityIsqd of a 2
wt. % PB125-PEO155 solution in D2O is depicted again. Theq

FIG. 2. SANS intensity of 2 wt. % PB125-PEO155 in D2O at
25 °C (symbols). The line represents the Fourier transform of the
pair distance distribution functionpsrd. Inset: Pair distance distri-
bution functionpsrd obtained by indirect Fourier transformation of
the measured data.

FIG. 3. SANS intensity of 2 wt. % PB125-PEO155 in D2O at
25 °C (symbols). The line represents the Fourier transform of the
radial pair distance distribution functionpsrd. Inset: Radial pair dis-
tance distribution functionpsrd obtained by inverse Fourier trans-
formation of the measured data(high-q range). During the transfor-
mations the cylindrical shape is predefined to obtain the two-
dimensional radial pair distance distribution function of the cross
section.

FIG. 4. Radial excess scattering length density distribution func-
tion obtained by deconvolution ofpsrd (see Fig. 3) for the cylinder
aggregates.
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dependence ofIsqd can be well described over the wholeq
range using a model form factor for stiff cylinders with a
Schulz-Zimm distribution of the lengthL. This form factor
does not account for a size distribution of the cross sectional
radius. But a size distribution of the cross sectional radius is
considered in terms of the wavelength distribution of the
neutron beam. In both cases, a Gaussian size distribution of a
radius or a Gaussian wavelength distribution of the scattered
radiation, the effects onIsqd are identical. For the simulation
of a smeared form factor of a cylinder with a polydisperse
cross-sectional radius, a wavelength distribution of 20% was
used for the intermediate and highq region of the measured
SANS datas0.06 nm−1,q,1.4 nm−1d. This value of 20% is
twice the given spread of 10% for the used SANS machine.
As the wavelength distribution is of Gaussian type, the over-
estimated value of 20% accounts for a Gaussian distribution
of the cross sectional radius with a spread ofÎ0.22−0.12

=0.17. For the low-q region of the measured SANS data
s0.0027 nm−1,q,0.06 nm−1d the given value of 10% for
the wavelength distribution is used. In the low-q region only
the length of the aggregates affectPsqd and for the lengthL
the Schulz-Zimm distribution is already included in the form
factor. Smearing effects on the data due to the experimental
conditions(collimation length, detector-pixel smearing, aper-
ture, detector-sample distance, wavelength, and wavelength
distribution) are considered according to Ref.[64]. The mi-
nor deviations between the smeared form factor and the mea-
sured data for high-q values might be due to the homoge-
neous cross sectional scattering length density assumed in
the model compared to the cross sectional scattering length
density profile of a real particle. The resulting cross sectional
radius is RCS,hom=14 nm. The found mass average length
Lw=250 nm is somewhat lower compared to the results of
the static light scattering analysis. This might be due to the

non-negligible influence ofSsqd at low-q values. Due to the
low scattering intensity compared to light scattering SANS is
performed on a 2 wt. % solution of PB125-PEO155 in D2O,
which is a 10–100 times higher concentration as for the light
scattering experiments. Whereas for the high-q range the
structure factorSsqd can still be neglected, an influence of
Ssqd on Isqd in the low-q range is observable.Ssqd decreases
the scattering intensity at lowq, resulting in an underestima-
tion of the particle length. For comparison the static light
scattering data(see above) are depicted in Fig. 5, too. The
SLS data are scaled by a constant factor to align them to the
SANS data. At low-q values a significant deviation is ob-
served resulting in the different values ofLw for the two
methods or rather the two concentrations. The deviation can
be analyzed in terms of the ratio betweenIsqdSANS and
IsqdSLS. IsqdSLS is represented well by the fitted model curve.
Therefore, the ratio is calculated from this model curve
IsqdSLS,fit and first from the measured SANS data(symbols in
the inset of Fig. 5) and second from the model curve fitted to
the SANS data(line in the inset of Fig. 5). The shape of the
resulting curves can be attributed to a structure factor effect
(e.g., Ref.[65]).

The cross sectional radiusRCS,hom from the form-factor
analysis and the results onRCS from the indirect Fourier
transformation method(IFT) can be compared. According to
Eq. (13) the radial pair distance distribution functionpsrd
(see Fig. 3) can be transformed into a respectiveRCS,equi. The
resulting value ofRCS,equi=14.6 nm is in very good agree-
ment withRCS,hom=14 nm from the model-dependent form-
factor analysis.

C. Dynamic light scattering (DLS)

1. Model-independent analysis

A CONTIN analysis of the experimentally obtained cor-
relation functions reveals only one significant mode for all
investigated concentrations of PB125-PEO155 in water (0.02–

0.2 wt. %). As an exampleḠ resulting from this mode is
plotted againstq2 in Fig. 6 for the 0.2 wt. % solution. This
gives a fairly good linear relationship over the entireq2

FIG. 5. SANS curveIsqdSANS,expt of a 2 wt. % PB125-PEO155

solution in D2O at 25 °C(full symbols). The solid line is a simula-
tion according to a form factor of a cylindersLw

=250 nm,RCS,hom=14 nmd with a Schulz-Zimm length distribu-
tion, but monodisperse cross section, including smearing effects. In
the q range from 0.003 to 0.06 nm−1 a wavelength distribution of
the neutron beam of 10% is considered and for the high-q range
(0.06 to 1.5 nm−1) a wavelength spread of 20% is used in the simu-
lation. The open symbols indicate the SLS intensity(see Fig. 1) and
the dotted line is the fit of a form factor of a rod,IsqdSLS,fit. Inset:
ratio between the SANS intensityIsqdSANS,expt (symbols) and
IsqdSANS,fit (line) to the fitted SLS intensityIsqdSLS,fit.

FIG. 6. Average relaxation ratesG as a function ofq2 obtained
by a CONTIN analysis ofg1std from a 0.2 wt. % solution of
PB125-PEO155. The straight line is a linear fit over all values ofG
resulting inkDz,appl and the dashed line is a regression over the two
G values at low-q resulting inDz,app.
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range, where the slope can be identified as the averaged ap-
parent translational diffusion coefficientkDz,appl of the poly-
mer aggregates. In this case “averaged” means thatkDz,appl is
derived from the whole experimentalq range. However, at
low-q values a deviation from the linear relation is observ-
able and the intercept of the linear fit is significantly below
zero. This is an indication for additional contributions to the
dynamic behavior in addition to the pure translational mo-
tion. Therefore, the data are analyzed applying the model of
Pecora for stiff rods(see below), which takes into account
the rotational diffusion. The influence of internal dynamics
and rotation decreases with decreasingq. Therefore, a linear
regression of the twoG values at the two lowestq values is
performed, too(see Fig. 6). This gives low-q values ofDz,app,
which might represent the pure translational motion. But the
errors are high(10%) due to the bad statistics by using only
two data points for the regression. The found intercepts are
in the range of 0 to −60 and no systematic dependence on the
concentrationc is observed for both the slope and the inter-

cept. The mean value ofDz,app is D̄z,app=4±0.4
310−2 nm2 s−1, which gives a value for the hydrodynamic

radiusRH,z=60±6 nm. The estimated error ofD̄z,app covers
all observed values ofDz,app. Nevertheless,kDz,appl from the
linear regressions over the wholeq range as a function of
concentrationc is shown in Fig. 7 to investigate the concen-
tration dependence ofDz. kDz,appl as a function of concentra-
tion has a slightly negative slope, which might be an indica-
tion that there are some attractive interactions between the
aggregates or that the length of the aggregates increases
slightly with increasing concentration.

2. Model-dependent analysis

In Fig. 8 the experimental intensity time correlation func-
tions g2std for a 0.2 wt. % solution of PB125-PEO155 at four
different anglesu=45°, 60°, 120°, and 150° are shown. Un-
der the justified assumption(see static light scattering) that
the investigated aggregates have the shape of a rod, are
markedly stiff and show a length distribution, it is possible to
calculate theoretical correlation functions according to the
model by Pecora with a Schulz-Zimm distributed lengthL.
To increase the precision of the computed adjustable param-
eters, a simultaneous fit ofg2std at four scattering angles
according to Eq.(19) is performed. The angular dependence

of the computed theoretical correlation functions is in good
agreement with the experimental angular dependence. As an
example the residuals foru=120° are depicted in Fig. 8.
Only some minor deviations at large times are observed and
the model represents the measured data with good accuracy.
These minor deviations can be attributed to an imperfect
representation of the length distribution by the Schulz-Zimm
relation. During the fitting procedure the diameterd is fixed
to a constant value. Varying the diameterd gives different
values for the lengthL, and so different pairs of diameter and
length can describe the experimental curves. Thex2 values
of the fits were plotted as a function of the diameterd, and
this curve showed a minimum for a diameter of 26–30 nm
for the investigated solutionssc=0.02–0.2 wt. %d. The cor-
responding mass averaged length isLw=340 nm and the
found values for the polydispersityMw/Mn are in the range
of 1.5–2. The accuracy of these parameters does not allow
for an analysis of the concentration dependence, since the
concentration dependence is small.

V. CONCLUSION

In the present article the characterization of PB125-
PEO155 aggregates in aqueous solution is discussed. The
shown experiments cover the concentration range from 0.02
wt. % up to 2 wt. %. The static light scattering data from a
0.02 wt.% solution can be described with a model form fac-
tor for rods and wormlike chains with a Schulz-Zimm distri-
bution of the lengthL. The fit for the wormlike chain results
in a ratio Lw/LK<1, i.e., a low flexibility of the rodlike
aggregates. The mass-average lengthLw of the aggregates
resulting from these model fits is 389 and 380 nm, respec-
tively, and the polydispersity parameterMw/Mn=1.2 and 2.
In both cases the determined values reproduce the radius of
gyrationRg,z=124 nm found by analyzing the initial slope of
Kc/Rsqd vs q2 with good accuracy. From the molar mass of
the aggregatesMw=s1.65±0.5d3108 g mol−1 and the molar
mass of one PB125-PEO155 moleculeMw,p=13 570 g mol−1

the aggregation number is calculated to beNMw
=12100.

Model-dependent analyses of the intensity-autocorrelation
function g2std from the dynamical light scattering using the

FIG. 7. The average apparent translational diffusion coefficient
kDz,appl as a function of concentrationc for solutions of PB125-
PEO155 in H2O. The straight line indicates a linear fit.

FIG. 8. Experimental intensity autocorrelation functionsg2std at
four scattering anglesu of a 0.2 wt. % solution of PB125-PEO155 in
H2O with the respective simultaneous fit using the Pecoramodel for
rigid rods with polydisperse length(lines). The quality of the fit is
indicated byDg2=g2stdfit −g2stdmeasur.at u=120° as an example.
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model of Pecora for rigid rods, gives a mean lengthLw of
340±30 nm and a diameter of around 28 nm for solutions
from 0.02 up to 0.2 wt. % concentration. The used model
accounts for all relevant modes in the entireq range and for
the present dimensions of lengthL. This is different com-
pared to most of the previous DLS studies of rigid rod sys-
tems were usually only the first two modes are used to de-
scribe the decay of the correlation function. The decrease of
Dz,app with inceasing polymer concentration is small. A
growth of the lengthL of the aggregates with increasing
polymer concentration would be directly observable in a
concise decrease ofDz,app and we can conclude that the cyl-
inder length is independent of the polymer concentration.
This behavior is different compared to surfactant systems,
which form wormlike micelles in aqueous solution. Such
“living polymer” systems often show a concentration depen-
dence according to a power law, viz.L~c0.5 (e.g., C12E5
[40]).

The analysis of SANS data on 2 wt. % solution in D2O
shows a structure factor effect at low-q values. The maxi-
mum cross-sectional radius isRCS,max=19 nm and the radial

scattering length density profilessrd is typical for a core-
shell particle.

From the determined lengthLw of the aggregates a linear
particle densityNMw,nm=35 nm−1 is calculated. From the ag-
gregate and polymer volume an aggregation numberNV
=11 240 and a linear particle densityNV,nm=32 nm−1 are cal-
culated.

The found cylindrical aggregate shape and the dimensions
of the cross section are in good agreement with the findings
of Bates and co-workers. The number ratioNPEO/Ntotal of the
present BCP is 0.55 and a cylindrical shape of the aggregates
can be assumed. In contrast to other aqueous BCP solutions
the present BCP forms only cylindrical aggregates and no
coexistence with spherical aggregates or vesicles is observed.
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