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Characterization of polybutadiene-poly(ethyleneoxide) aggregates in aqueous solution:
A light-scattering and small-angle neutron-scattering study
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For diblockcopolymers of polybutadiene-p@yhyleneoxidg(PB-PEQ 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 PBsPEQ;ss It is found to form long rodlike micelles, which are characterized with
respect to the aggregate lendththe cross sectional radilR.g, the radial scattering length density profile
o(r), and the radial aggregation numbér, Model-independent as well as model-based approaches are used
for the scattering data analysis. From dynamic light scattgiigS) and static light scatteringSLS) experi-
ments the weight averaged lendth of these stiff elongated aggregates is determineld,t2350 nm. Small
angle neutron scatterin@SANS) reveals a cross sectional radius Rfs=17 nm and in combination with
results from the SLS the radial aggregation number is found tN, ke 70.
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I. INTRODUCTION poly(butadieng-poly(ethyleneoxidg with different block
. length ratios using the method of Cryo-TEM. It was found
In recent years the self-assembly behavior of block coynat gt higher block volume ratio PEO to PB, spherical mi-
polyme_rs (BCP’s) in selectlye solvents was sub]e_ct to an cg|les are formedNpeo/ N> 0.6), and at lower block vol-
increasing number of studig4—9]. The obtained S|z¢.and ume ratios(Npgo/ Nigiz< 0.6) cylindrical micelles can be ob-
shape of aggregates can be c_ontrolled by composition andrved. For example RBPEOgs forms cylindrical
molar mass of the two respective blocks. This leads to thenicelles in aqueous solution with a core diameter of around
p_otentlal use of BCP aggregates as templates for th_e synths nm and a total diameter of around 49 iifrom Cryo-
sis of nanoporous materials or nanoparti¢ls$-13. Various T, n another work26] Bateset al. investigated the core
nanoporous geometries can be obtained using aggregates ffq shell dimensions of cylindrical and spherical aggregates
different shape. Moreover, aqueous BCP solutions are of, aqueous solutions by small angle neutron scattering

great interest because of their similarities with bioIogicaI(SANS)_ For PByg-PEO 3, (Npeo/Nia=0.66 they found
systemg16,17. In several of these studies it was shown thatspherical micelles with a core diameter of 22.4 nm and a
light scattering is a useful technique to investigate the behaviiq) giameter of around 50 nm. The interfacial area per mol-
ior of BCP's [7—9. _ ecule is found to be a;=1.16 nn¥. For PRBg
The phenomenon of self-assembly is already well knowr-bEQﬂ(NPEO/NtotaI:O-S) they found cylindrical micelles with
from surfactant systems. In contrast to surfactants, the dIr'adial core diameter of 14.8 nm and a total radial diameter of

mensions of block copolymers are one °Tder of magnitud%rl_z nm. The aggregation number per nm was determined as
larger and they have a very low critical micellar concentra-\ - 40 nnr! and the interfacial area per molecule ag

tion (e.g., 3—5 mg/I for diblock oxyethylene/oxybuthylene =1.18 nr?. In a recent work by Won and co-workef25]
copolymers[ljS], a_md see Ref419-23). A BCP.in solution BCP of the type PEE-PEO w):are found to form not only
can form cylindrical as well as spherical micelles at low g0 ea) and wormlike micelles, but also vesicles in depen-

concentration§24,29. The dominating structure of the BCP dence on the block length ratio. They showed that there is a
aggregates in a given system seems to depend on seveﬁ

: ; {Pinsition from bilayergvesicles via cylinders to spheres
d'ﬁere”t_ parameters, such as, for Instance, the total I_e_ngth ith increasing deg%eeqof polyrierisati):)n of the PEFE) block.
the chain and the block length ratio of the hydrophilic andIt was also found that there is a broad overlapping range
the hydrophobic part. These relations were investigated b

Where two micellar structures coexist.
Bates and co-workers{24] for the block copolymer 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

* Author to whom correspondence should be addressed; Email agveight amphiphils to BCP solutions it is possible to alter the
dress: thomas.hellweg@tu-berlin.de packing parameter in the micellar structures.
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In Ref. [27] Forster and co-workers investigated the dif- served as an index matching bath. The scattered light was
ferent micellar structures of RB:PEOs5 using mainly  detected with a photomultiplier tub@horn EMI) mounted
transmission electron microscoYEM) in a wide concen- on a goniometer arm, operated in single-photon-counting
tration range. The obtained micrographs revealed the exisnode. The obtained preamplified fluctuating intensity signal
tence of rodlike micelles in aqueous solutions of this BCPwas then time autocorrelated using an ALV-5000 multiple
over the entire investigated concentration range fromhardwire correlatof256 channels, first lag time 200)n®y-
€c<<0.02 wt. % up to 30 wt. %3,27,28. However, due to the namic light scattering experiments were performed in an an-
size of the aggregates it is a difficult task to obtain reliablegular range between 362 #<150°, resulting in an agular
averages for their length and their polydispersity from electange of 0.008 < 0.030 nm?.
tron microscopy. Hence, in the present study we investigate For the static light scattering experiments the stétite-
the size, shape and polydispersities off RBPEQ, sz micelles  grated intensity was normalized to the primary beam inten-
in dilute aqueous solutioic=0.02-2 wt. %9 by means of sity and brought to absolute scale by using a toluene refer-
static and dynamic light scattering. Application of these techence for calibration32]. Consequently, the primary beam
niques to rod-like structures was reviewed by Ruf2@. intensity had to be monitored, which was done by means of
Static light scatteringSLS) gives an experimental form fac- a beam splitter and a four-segment photodiode. Static LS
tor P(q) which can be fitted by the respective models. Inmeasurements were carried out in an agular range of
addition the molar mass of the found aggregates is dete20°<<§<150°, that corresponds to a scattering vector range
mined by SLS. The analysis of the dynamic light scatteringof 0.008<q<0.030 nm*. The refractive index increment
(DLS) data is done with the model-independent inversedn/dc, which is necessary for the calculation of the contrast
Laplace-transformation method and by applying a theory ofactor K, was measured with a commercial refractometer
Pecora developed to describe the dynamic behaviour of stiffPR1/b, Baur Electronigs dn/dc=0.125 g/g. The resulting
rods [30,31. In addition to the light scattering experiments contrast factor i&=22.9 mol cm g2 (see Sec. Il A.
also small angle neutron scatterit@ANS) experiments are

presented. SANS provides knowledge of the cross section of C. Small angle neutron scattering (SANS)
the PB,sPEQ 55 aggregates. In SANS experiments diluted samples would exhibit a
very low scattering intensity, which leads to unacceptable
Il. MATERIALS AND METHODS high measuring times. Therefore, compared to the light scat-
tering experiments a higher concentration was us2d
A. Polymer wt. %). Scattering contrast for the small angle scattering ex-

The presented block-copolymer poly-butadidne- Periments was generated by using@from Sigma Fine
poly(ethylene-oxidg with the block lengths 125 and 155, Chemicals(isotopic purity>99.8%) as the solvent.
respectively, was synthesized according to the procedure de- The small angle neutron scattering experiments presented
scribed by Forsteet al. [28]. The analysis of the molecular here, were carried out at the Institute Laue-Langglih ) in
weight of the polymer was performed by gel permeaﬁonGrenobl_e, France, at the_ instrument D11. Making use of a
chromatographyGPQ and the degree of polymerization of Mechanical selectofDornien the neutron wavelength was
the PEO block was calculated from the molar ratios ofchosen to be 8 A. The wavelength spread was approximately

ratio of M,,/M,, was found to be 1.02. 16, and 36 mcover aq range from 0.0027 to 1.4 nth The

data were collected on a two-dimensioridle detector with

64% 64 elements. Due to the isotropic character of the scat-

tering from the solutions under investigation, the raw data
The solvent used for all light scattering experiments waswvere circularly averaged. After correction for the scattering

high purity water from a Milli-Q water purification system of the solvent and the empty cell, the data were brought to

by Millipore/Waters. A stock solution of 0.2 wt. % of poly- absolute scale. Calibration of the data was done wi® lds

mer was diluted to 5 lower concentrations, namely, 0.16the standard. All the data reduction steps described above

0.12, 0.08, 0.04, and 0.02 wt. %. All samples for the lightwere done using the software packagRasp provided by

scattering experiments were directly filtered into dust freethe ILL.

cylindrical quartz cellgHellma, Germanywith an inner di-

B. Light scattering (LS)

ameter of 0.8 cm using filters with a pore size of 200 nm IIl. THEORY
(Schleicher & Schuell, Spartan 30/0.2 RRC, or Whatman A. Static light scattering (SLS)
anotop 10.

LS measurements were performed using commercial 'N€ normalized static light scattering intensif(q)
equipment for simultaneous static and dynamic experiment€ayleigh-Ratig for particles in dilute solution can be writ-
from ALV-LaservertriebsgesellschafiLangen, Germany t€n as(3Z]

The light source employed was a Coherent 315M-150 fre- -

quenc?/ doubled dioge );)umped solid state laser, operating R(@ =KeM.P(Q)S(a), @)
with a constant output power of 150 mW at532 nm. wherec is the mass concentratioR(q) is the particle form
Temperature control of the samples better than 0.1 K wagactor, S(q) is the structure factor, anglis the magnitude of
achieved by using a Toluene thermostating bath, which alsthe wave vector
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with the scattering anglé andK is the contrast factor given

by
o
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q= 4w)\£sin< 2
0
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K:47TZ%NA< (3)

0
with the refractive index of the solution, the wavelengtty
of the radiation, the Avogadro constaxt, and the refractive
index incrementin/dc of the particles. In the highly diluted
regime the structure factd®(q)=1 and can be neglected.
Then theq dependence oR(q) is described by the particle
form factor P(g). A common representation of Egl) to

analyse SLS data with respect to the weight-average molar

massM,, and thez average of the radius of gyratidg, , is
[33-35

Ke 1

RO M, .

[1+3%4)

where the form factoP(q) is replaced by its Debye approxi-
mation. For elongated structures, as wormlike micelles, se

eral model form factors can be used to analyze the measur

g dependence oR(q). As the cross section of micellar
wormlike structures do not affe®(q) in the q regime of the
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with the numbem; of aggregates with length;. The flex-
ibility of wormlike aggregates can be described in terms of
the ratio between the contour lendtly and the Kuhn-length
Lk. For theq range of light scattering experiments Koyama
[42] has derived a form factd?(q)yc for flexible wormlike
chains

Ik

P(@wc= IEZJ; de
K

q’ xg(x)

(IK—x)exp(— %(q'ﬁxf(x))
©

with the dimensionless quantity defined by Koyama,
which is related to the contour length. The functions
g’ ,xf(x),xg(x) are defined in Koyama’s publicatiop2],
wherexf(x) andxg(x) are functions of the Kuhn length.
The Kuhn lengthLy is the length of a stiff segment in the
flexible aggregate chain. As can be seen from @X.this
form factor includes the form factor for stiff rods with length
at highqg values and a Guinier approximation to account
the large scale structure of the particles at lpwalues.
As in the case of the model for stiff rods a length distribution
can be considered hefsee Eq(7)]. Applying Eq.(7) to the

light scattering experiments, the different models only havesasic jight scattering data will lead to information about the
to consider different degrees of stiffness and a distribution Ogverage contour length,, the polydispersity parametds
W1 d

the contour lengthL of the wormlike aggregates. The most

and the flexibilityL,, /Ly of the aggregates. It should be men-

simple approach for a data analysis is a model form factofigneq here that the Koyama approach is only valid when the

P(Q),oq for stiff thin cylinders with monodisperse length
[36]

2
P(Q)rod =7

—d I_
aL q

% sin(ql)
5
JO q (5

4( sin(qL/2)>2.
qL

For self-assembled wormlike aggregates it is obvious t

consider a length distribution. For several investigate
equivalent systemg37—-4Q an asymmetric distribution

p(k,L,L,) according to Schulz-Zimnj41] is used to de-

scribe such a length distribution

[(k+ D)/L, " LXexd - (k+ 1)L/L,,]
I'(k+1) ’

with k=1/(M,,/M,-1), the gamma functiod’(k+1), and
the mass average of the contour length Taking into ac-
count this length distribution as the measumdverage of
the contour length. the form factor for stiff rod§Eq. (5)]

then become§37]

p(k.L,Ly) = (6)

[

f Lp(kL,Ly) P(@)dL
0

r

The number average,, the mass averade,, and thez
averagel, of the contour lengti. are given by

P(q)poly = (7)

L p(k,L,L,)dL

flexibility of the investigated aggregates is Igwhich is the
present cageFor structures with a significantly higher flexi-
bilty better description were given by Pedersen and co-
workers[43,44,.
If the cylindrical aggregates are stiff, theedependence

should be describable with the form factor for stiff rods but if

he aggregates are markedly flexible significant deviations
etween the model form factoP(q),,qpoy and the data
should occur. The form factor of Koyama(Q)wc,poly
should be valid for both, stiff and flexible aggregates. A ratio
L,/Lx=1 is characteristic for stiff and,/Lx>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

1(g) = CAc®P(9)S(q), (10)

whereC is a concentration-dependent factor, akd is the
excess scattering length density of the particleso

= Oparticle™ Tsolvend- FOI Iow concentrations and intermediate
or large values ofj for spherical45,46 and also for rodlike
particlesS(q)=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 Webeet al. [48] and by Kleinet al. [49]. How-  the scattering volume. The diffusion of the particles results in

ever, in the present study the concentration is sufficiently lovan intensity fluctuatiori(t), with t representing timel is

and hence, only the form factor will be considered in theproportional to the square of the scattered electric §EM.

following. The fluctuations of or E can be analyzed in terms of corre-
Due to theq range in a SANS experiment the dimension ation functions[54]. The normalized electric field autocor-

of the cross sectional radilRs of the rods has to be taken relation functiong,(7) contains the information about the

into account in the form factor. For Cylinders with a given dynamics of the scatterers. In p0|ydisperse Samp|es each par-

cross-sectional radius, E(p) transforms intq36] ticle size contributes tg;(7) with a specific exponential de-

cay. Hence the correlation function is given by a weighted

P(q)oy = f ”’2< Jl(chs,honsinm))_sin(%qLcosw))Z sum of exponentials
o Res norSin(@) Lglcoga)

X sin(a)da. (11) 9u(7) = f ’ G(exp(- T'ndr, (14)
0

0

J, is the spherical Bessel function of the first order and
Rcs hom 1S the cross-sectional radius assuming a homoge-
neous scattering length density over the cross section. Thehere G(I') is the distribution function of relaxation rates
angle« is enclosed by the scattering vectpiand the long I',I'=D,0? with D, the translational diffusion coefficient
axis of the cylinder. A Schulz-Zimm distribution of the [30]. g;(7) can be measured directly in a heterodyne light
lengthL can be considered as in the case of the form-factoscattering experiment. However, it is more convenient to per-
of a stiff rod [see Eq(7)]. form a homodyne experiment, which leads to the intensity
A model-independent analysis of the SANS data accordtime autocorrelation functiog,(7),
ing to the indirect Fourier transformation method by Glatter
[50-57 vyields the pair distance distribution functiqgair),

and the Fourier transform qf(r) represent$(q)s, 0y(7) = (E* (t)E(t)E;;Zt + nE(t+ T)>_ (15)
sin(qr)d
(@) o= A o p(r) qr r. 12 g,(7) andg,(7) are connected by the Siegert relation

If the data analysis is made for a brogdange the pair 5
distance distribution functiop(r) is affected by the length of 92(7) =algy(7)|*+ b, (16)
the cylinders. For different three-dimensional particle shapes

the one-dimensiongb(r) function shows characteristic fea- \yherea is the amplitude anth a baseline parameter. These
tures and allows to differentiate between different partiCle,:WO parameters have the value one in a perfect experiment_
shapeg50]. If only the highq range is enclosed in the analy- The data forg,(7) can be analyzed in a model-independent
sis and the particle symmetricylinden is predefined the \yay. Most common is the analysis by an inverse Laplace
p(r) function of the cross section is computed and thus afransformation ofy;(7), using theFORTRAN programconTIN
upper limit for the cross sectional radius. With the assump{ss 5. The resulting relaxation rate distribution function
tion that the cross section is radially symmetric the deconvog(r) contains information about theaveraged relaxation

Iu-t|on- of p(r) gives the radial scattering length density dis- ratel’, and the polydispersity. In the present system the par-
tribution function o(r) [53]. The software packageP by icles h hiahl isotropic sh which leads t nri-
Glatter[50-57 is used for this data analysis. From the crosstIC es have a nighly anisotropic shape, ch reads 1o €0

. - ) - butions from translational as well as rotational diffusion.
sectionalp(r) fun(_:t|on an equivalent radius of a homoge- Several models have been proposed to describe the dynamic
NeOUS Cross SeClioRcs equiCan be calculated and cqmpared behavior of cylindrical or wormlike particles. The cylindrical
to the rad'USRC.Sth”.‘ from the form-factor analysis. The particles presented in this work are stiff, i.e., the Kuhn-length
square oRcs,equils given by[53] Lk is of similar magnitude as the contour lendthTo de-

scribe these stiff elongated particles we use a model of stiff

* 5 rods derived by Pecorf29,31,54, which accounts for the
f p(r)redr rotational and the translational motions. The translational
R(Z:s,equi: Ox . (13) motion can be described by one averaged diffusion coeffi-
f o(r)dr cient D, which is independent of the rotational diffusion
0 (Dyop)- 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
S, of the resulting modes relate to different length scales in

The scattering intensity at a given scattering vecta;  relation to the length., as they depend on the productapf
depends on the relative positions of the scattering particles iand the length..

C. Dynamic light scattering (DLS)
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3 = 020
O1rod7L) = 2 Si(2n,qL) £ o6l e
n=0 3 L7 -——
13 ST ceeiioaaas "~
><exp(— {Dtrq2 + [2n(2n + 1)] : Drot} : T)- ,? 0121 /,
=] i
(17) < 0.084
. . . £ 004
The amplitudess, are proportional to the square of the inte- =
i i 0.00 r y Y
gral over a ipherlcal Bessel funct|on.of 2nd or@@]. For 5 00 001 ooz o003 004
valugs oqu\.4, only the.pure trarjslatlofaj) contributes to a[m™]
the intermediate scattering function. For valuesgbf 15,
the first three modes have to be taken into accgfaL In FIG. 1. Holtzer-plot of the experimental Raleigh-Ratio

the present studygL has a maximum value of around 15 R(q)/Kc=M,,P(q) of a 0.02 wt. % PB,5PEQ;s5 solution in H,O
(Omax=0.03 nm* and L,,,=500. In most of the previous at25 °C(symbolg. Model form factors are fitted to the data: poly-
publications using this model only the modes withO and  disperse rod(straight ling with L, =389 nm andM,/M,=1.2;
n=1 are taken into account. Both the translational diffusionPolydisperse wormlike chain with.,,=380 nm,M,,/M,=2, and
coefficient and the rotational diffusion coefficient depend ontk=410 nm (---). As a comparison the model form factors of
the geometrylengthL, diameterd) and flexibility (L,,/Ly) wormlike chalns with a higher flexibility, i.e., lower Kuhn-length
of the rods. For rigid particles, Kirkwood and Riseman de-L are depicted, 1ot =200 nm(-- - ) andL=100 nm(---).

rived a relation between the diffusion coefficients and the
particle geometry, based on the Oseen approximd&at
viz., A. Static light scattering (SLS)

SLS was performed with a 0.02 wt. % solution of
PB,5sPEQs in water. Analyzing the initial slope of
Kc/R(q) vs g? at lowq values gives the average of the
radius of gyratiorR;=124 nm according to Eq4). The in-
wherekg is the Boltzmann constarf, the temperature, and tercept gives the molar mass,, =1.62x 10° g/mol. To ana-

7o the viscosity of the solvent. The model of Broersmalyze the whole experimental range this low-concentration
[58,59, even in its corrected form, does not provide a bettercurve is plotted as a Holtzer diagrdipR(q)/Kc vsq] in Fig.
representation than the simple Kirkwood-Riseman approach. In the same figure also the form factors used for the analy-
[29]. However, for real systems the distribution of rod sis are shown: polydisperse rigid r¢Egs.(5) and(7)] and
lengthsL has to be taken into account. In the present workpolydisperse wormlike chaifEgs.(7) and(9)]. As one can
the Schulz-zimm distribution was adopted. The measuresgee, both the form factor for polydisperse rigid rods and
g,(7) of polydisperse stiff rods can be analyzed by applyingwormlike chains describe the experimental data similarly
Eqg. (17) in combination with the Siegert relatidiq. (16)].  well, although the form factor for polydisperse rigid rods has
This model-based analysis leads to the average ldngtthe  no flexibility included and the form factor for wormlike
diameterd, and the shape and width of the length distribu-chains of Koyama is for flexible aggregates. The mass-
tion. The field correlation functiog,(7) is then given by averaged lengthk,, of the aggregates were found to be 389
and 380 nm, respectivelysee Table ). The Kuhn length
given from the Koyama fit is 410+ 30 nigfirom L, =380 to

IV. RESULTS AND DISCUSSION

D —kB—TIn(E) andD - Py (18)
" 3wl \d ot 2z

% Lp(k,LLw)91 rod 7:L) 440 the quality of the fit ig?< 1.1X,2nin). This values equal
O1.r0d7) = , (19 the contour length, and hence one can say that the aggregates
> Lp(k,L,Ly) must have a very low degree of flexibility and that they are
L

approximately stiff. As a comparison in Fig. 1 the form-
factor for wormlike aggregatedoyamg is plotted for dif-
wherep(k,L,L,) is the mass distributiofSchulz-Zimm, Eq.  ferent decreasing values of the Kuhn length i.e., for a
(6)] of lengthL. The diffusion coefficient®, andD,, were  higher flexibility. These form factors for wormlike chains
calculated from the length and the diameted using the  with a non-negligible degree of flexibility are not able to
Kirkwood-Riseman relation(18). The parameters of the describe the measurepdependence. Both applied form fac-
model are independent gf except the amplitude. Hence a  tors account for polydispersity using a Schulz-Zimm distri-
parameter set for a givemvalue must describe the dynamic bution. The polydispersity in terms ®d,,/ M, resulting from
behavior at otheq values as well. To implement this into the the form-factor fits is also given in Table 1. The respective
data analysis, a simultaneous fit@f(7) at four differentq  experimental values of around 1.5 are in good agreement
values was performed, where only the amplitudesin have  with other experimental results for such self-assembled
different values for the differerg values. The length,, and  wormlike chaing37-39. From the distribution functiofEq.
the polydispersity parameté&rhave the same values for the (6)] the number ana average of the contour length can be
four different angles. The baseline paramedgs set to the  calculated according to E@8) (see Table )l
individual constant value at high correlation timegyefr) at To make sure that the values foy,,M,,/M,,, andLy de-
the differentq values(be,,=1+0.004 covers all casps rived from the fits are physically meaningful, it was checked
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TABLE |I. Structural parameters for RB;yPEOs5 aggregates in aqueous solution
(0.02 wt. %<<c<2 wt. %) as obtained by analyzing the SLS, DLS, and SANS data.

SLS DLS SANS
Eq. (4) Koyama Rod CONTIN PecofRod) IFT Cylinder
Ry Anm) 124
Ry Z(nm) 60+6 81
Rg.2/Ri2 pa 1.6° 2 1.8
Dy Am?/9) 4+0.4x 10 3.02x101*
M,/ M, 2.0 1.2 1.5-2 1.3
Ln(nm) 254 325 190+50 191
L,,(nm) 380 389 340+30 20b 250
L,(nm) 508 455 290 475+40 305
Lk(nm) 410+30
Ry(theop 127 13d 146 97
M,,(g/mol) 1.62x10° 1.67x10° 1.68x1CP
M,/ Ly(g/mok,) 44X10° 4.3x10° 4.9X10°
Res(nm) 19 14
Ry.csnm) 13-15

AWith Ry, from CONTIN andR, ,(theor).
B\with Ry, from Pecora-model anBy ,(theor).
‘With Eq. (18) usingd=28 nm and_,=475 nm.
dMaximum dimension fromp(r).

‘with Eq. (20).

fwith Eq. (22).

that they reproduce the experimental value of the radius ofhe aggregatesvl, =M,,/L,,=4.7X 10° g moF* nm* (with
gyrationR, , determined according to E(#), as given by the  L,,=370 nm andM,,=1.65X 10° g/mol, see Table)l From
formula of Benoit and Doty38,41 for polydisperse worm- the molar massM,, ,=13570g mol! of a single polymer

like chains molecule the aggregation numbNg,,W and from the linear
ke2 L2 L3 L4 K2 mass densityM, the aggregation number per M nm of
2 o -k K —k(yZ Y ) the aggregates can be estimatedNay =M,,/M,,,=12 100
’Z 6y 4 4L, 8kk+1) y+ 2/, w

andNy =M /My_,=35nnT",
(20 For comparison these two aggregation numbe;\)s% can also
, _ _ _ . .+ be calculated from the aggregate volumg=mRzd,
with y=(k+1)/Ly,k=1/(My/My-1) andL,, is the weight =2.15x 10°/4.0X 10° nm® (see Table )l and an estimated
average of the contour length. For rigid rdgg, is given by

a1 volume of a single polymer moleculdgcp=35.3 nn? (ac-
[41] cording to Ref.[60] and see Ref461,62, per EO segment
_(k+3)(k+2) Lfv two H,O molecules are taken into accounthe aggregation
Ré,z- (K+ 1)2 12° (21) number is than given b\y,=V,/Vgcp=11 240 and the ag-

gregation number per nm is given B ,m=Va/(LyVacp)

For both form factors the experimental radius of gyration=32 nn. To calculate the radial aggregation numiég,
Ryz=124nm is reproduced with good accuracRy, the length of one PBsPEQs5 molecule along the aggre-
=122 nm andR, ;=130 nm, respectivelysee Table)l From  gates long axis lgcpy Must be estimated, Nyag
the fits of R(q)/Kc with the model form factors the aggre- =N ,Jgcp oyt The arealgcp of one BCP molecule at the
gates molar mass is obtained from the inter¢epe Eq(1)]. cylinder surface can be calculated Bgcp=Acyjinged Nv
The acquired values aid,,=1.67x 10° g/mol for the model =5 nn?, with Acyjinger=27Rcsly,=30.8X 10° nn?. Assuming
of Koyama andvl,,=1.68x 10° g/mol for the model of poly-  a squared surface area per BCP molecule the surface length
disperse rods. These values are approximately independelgtp ., is VAgcp=2.2 nm. The resulting radial aggregation
of the concentratiore, since the solution under investigation number is N,4=70. The headgroup area, of a
is highly diluted(c=0.02 wt.%) and the dynamic light scat- PB,,-PEQs5s molecule in the aggregate is given Iay
tering experimentgsee below only reveal a minor concen- =A_,,/Ny=2.29 nnf, with A.ye=27Rcord-w=25 730 NM.
tration dependence of the translational diffusion coefficieniR,,, can be estimated from the volunvgcp, the volume of
D, app (S€€ Fig. 7. This clearly indicates thaB(q)=1 at a  the PB blockVpg=13.5 nnd, and the radiu®:s=19 nm and
concentration of 0.02 wt. %. The molar mass and the masts calculated tdR.,=11.7 nm. From the headgroup ar@a
averaged contour length, give the linear mass density of the volume of the hydrophobic segmeéwg and the length
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FIG. 2. SANS intensity of 2 wt. % PBsPEQ55 in D,O at FIG. 3. SANS intensity of 2 wt. % PBsPEQs5 in D,O at

25 °C (symbolg. The line represents the Fourier transform of the 25 °C (symbolg. The line represents the Fourier transform of the
pair distance distribution functiop(r). Inset: Pair distance distri- radial pair distance distribution functigir). Inset: Radial pair dis-
bution functionp(r) obtained by indirect Fourier transformation of tance distribution functiomp(r) obtained by inverse Fourier trans-
the measured data. formation of the measured dataigh-q rangg. During the transfor-
mations the cylindrical shape is predefined to obtain the two-

of the hydrophobic segmemR., the packing paramete® dimensional radial pair distance distribution function of the cross

can be calculated according to section.
vV inder this reduces the analysis of a three-dimensional aniso-
p=—F8_ (22)  tropic shape to the analysis of a two-dimensional radial
89 Reore symmetric geometry, the cross section of the cylinders. The

deconvolution of the resulting radial pair-distance distribu-

0.333<P<0.5 cylindrical particles are expected and from tion funqnon p(r) is the ra_dlal excess scattering length (_jen—
0.5 to 1 flexible double layers are expected. The found valu'ty me"e a(r) [53]. In Fig. 3 the experlm(_anta_l SANS_ In-
of P=0.5 is consistent with the cylindrical shape already!€NSity 1(@) of a 2 wt. % PB,sPEQss solution in D,O is
assumed by using the from factors of a cylinder and a wormdepicted - again. Analyzing the highly range of 1(q)
like chain. One can conclude that a model for stiff rods with(0-1 nM*<qg<1.4 nnT*) with the IFT method and a pre-
a Schulz-zimm length distribution describes most of the feadefined cylindrical shape gives a maximum dimension of the
tures of the block-copolymer aggregates under investigatiorf0ss sectiortlcs ma=35 nm. From the resulting radial pair
and hence, justifies the use of the Pecora-model for rigid roddistance distribution functiop(r) (see inset in Fig. Bthe
with a Schulz-zZimm-like polydispersity to describe the DLS radial excess scattering length density proéie) is calcu-
data. lated. The resulting profile is plotted in Fig. 4 and it is con-
sistent with a core shell cylinder model, when the alkyl
B. Small angle neutron scattering (SANS) chains(PB) are forming the core and the hydrophilic oxyeth-
] ] ] ) ylene chaingPEO) are forming the outer laygicorong: In
SANS is used to determine the cross sectional raitss  this case, the core will exhibit the highest contrast against the
and the radial scattering length density profiter) of the  golvent(D,0), while the hydrated oxyethylene chains will

The resulting value is P=0.50. In the range

cylindrical aggregates. exhibit a much smaller contrast. The shape is similar to
) . chemically comparable self assembled wormlike aggregates
1. Model-independent analysis [39,63 and the upper limit of the cross sectional radius can

In Fig. 2 the experimental SANS intensityq) of a 2  be estimated t&cs =19 nm.
wt. % PB,,5PEQ;55 s_olution in DZO'is depicted. The analy- 2. Model-dependent analysis
sis of a broad experimentglrange including the love val- , , . )
ues with the IFT method gives the pair distance distribution " F19- 5 the experimental SANS intensityq) of a 2
function p(r) shown in the inset in Fig. 2. In the analyzqd Wt % PBras PEQiss solution in DO is depicted again. The
range, 0.0027 nm<q<0.4 nnm!, aggregate dimensions
from 12 to 500 nm determine theedependence df(q). The
upper limit is a measure for the aggregate lengtand the
lower limit equals approximately the cross sectional radius
Rcs The resulting shape of the two-dimensiompét) func-
tion is typical for cylindrical particles. The maximum length
scale (rma=200 nm is significantly below the aggregate
length L,, determined with SLSsee aboveand DLS (see . . '
below). This might be due to an influence of the structure ) 8 dial disnonce r ["1'3] 20
factor S(q) at low-q values. A discussion of this effect is
given below(model-dependant analysis FIG. 4. Radial excess scattering length density distribution func-

The softwareiTp by Glatter gives the possibility to pre- tion obtained by deconvolution gf(r) (see Fig. 3 for the cylinder
define a particle shape during the analysis. In case of a cykggregates.

o(r) [a.u.]

o 2 M e » a0
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FIG. 6. Average relaxation ratdsas a function ofy? obtained
by a CONTIN analysis ofgi(7) from a 0.2 wt. % solution of
PB,,5PEQ;55 The straight line is a linear fit over all values bf
resulting in(D, 5, and the dashed line is a regression over the two
E values at lowg resulting inD a5,

FIG. 5. SANS curvel(q)sans,expt Of @ 2 wt. % PBosPEQss
solution in D,O at 25 °C(full symbols. The solid line is a simula-
tion according to a form factor of a cylinder(L,,
=250 nm,Rcs honri=14 NM with a Schulz-Zimm length distribu-
tion, but monodisperse cross section, including smearing effects. |
the g range from 0.003 to 0.06 nrha wavelength distribution of
the neutron beam of 10% is considered and for the kighnge  non-negligible influence o8(q) at low-q values. Due to the
(0.06 to 1.5 nm') a wavelength spread of 20% is used in the simu-low scattering intensity compared to light scattering SANS is
lation. The open symbols indicate the SLS intengige Fig. J1and  performed @ a 2 wt. % solution of PBsPEQ;55 in D,0,
the dotted line is the fit of a form factor of a rodg)s; s s INset:  which is a 10-100 times higher concentration as for the light
ratio between the SANS intensity(q)sans expt (SYymbol9 and  scattering experiments. Whereas for the highange the
I(@sans it (line) to the fitted SLS intensity(a)sis fit structure factorS(g) can still be neglected, an influence of

S(g) onl(q) in the low-q range is observabl&(q) decreases
dependence odf(g) can be well described over the whale the scattering intensity at logy, resulting in an underestima-
range using a model form factor for stiff cylinders with a tion of the particle length. For comparison the static light
Schulz-Zimm distribution of the length. This form factor  scattering datdsee aboveare depicted in Fig. 5, too. The
does not account for a size distribution of the cross sectiongbLS data are scaled by a constant factor to align them to the
radius. But a size distribution of the cross sectional radius iISANS data. At lowg values a significant deviation is ob-
considered in terms of the wavelength distribution of theserved resulting in the different values bf, for the two
neutron beam. In both cases, a Gaussian size distribution ofraethods or rather the two concentrations. The deviation can
radius or a Gaussian wavelength distribution of the scatterede analyzed in terms of the ratio betweéfg)sans and
radiation, the effects oh(q) are identical. For the simulation 1(g)g s 1(q)s.sis represented well by the fitted model curve.
of a smeared form factor of a cylinder with a polydisperseTherefore, the ratio is calculated from this model curve
cross-sectional radius, a wavelength distribution of 20% was$(q)s, s 5 and first from the measured SANS désgmbols in
used for the intermediate and highregion of the measured the inset of Fig. Jand second from the model curve fitted to
SANS data(0.06 nm*<q<1.4 nnt?). This value of 20% is  the SANS datdline in the inset of Fig. & The shape of the
twice the given spread of 10% for the used SANS machineresulting curves can be attributed to a structure factor effect
As the wavelength distribution is of Gaussian type, the over{e.g., Ref.[65]).
estimated value of 20% accounts for a Gaussian distribution The cross sectional raditRcg pom from the form-factor
of the cross sectional radius with a spread@®2-0.1>  analysis and the results dR.s from the indirect Fourier
=0.17. For the lowg region of the measured SANS data transformation methodFT) can be compared. According to
(0.0027 nm*<q<0.06 nm?) the given value of 10% for Eq. (13) the radial pair distance distribution functiqur)
the wavelength distribution is used. In the lgwegion only  (see Fig. 3can be transformed into a respectRgs ¢qu The
the length of the aggregates affég) and for the length. resulting value ofRcs ¢q,=14.6 Nm is in very good agree-
the Schulz-Zimm distribution is already included in the form ment with R 1,on= 14 nm from the model-dependent form-
factor. Smearing effects on the data due to the experimentdctor analysis.
conditions(collimation length, detector-pixel smearing, aper-
ture, detector-sample distance, wavelength, and wavelength
distribution are considered according to R§84]. The mi- C. Dynamic light scattering (DLS)
nor deviations bgtween the smgared form factor and the mea- 1. Model-independent analysis
sured data for higly values might be due to the homoge- ] ) .
neous cross sectional scattering length density assumed in A CONTIN analysis of the experimentally obtained cor-
the model compared to the cross sectional scattering |engﬂelat|o_n functions revee_lls only one 5|gn|f!cant mode for all
density profile of a real particle. The resulting cross sectionalnvestigated concentrations of P&PEQ;ss in water(0.02—
radius is Res noni=14 Nm. The found mass average length0.2 wt. 9%9. As an examplel resulting from this mode is
L,,=250 nm is somewhat lower compared to the results oplotted against? in Fig. 6 for the 0.2 wt. % solution. This
the static light scattering analysis. This might be due to theyives a fairly good linear relationship over the entgé
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FIG. 7. The average apparent translational diffusion coefficient
(D app @s a function of concentration for solutions of PB,s FIG. 8. Experimental intensity autocorrelation functi@ér) at
PEO;55in H,0. The straight line indicates a linear fit. four scattering angle8 of a 0.2 wt. % solution of PBsPEQ;55in

H,0 with the respective simultaneous fit using the Pecoramodel for

range, where the slope can be identified as the averaged ajfiid rods with polydisperse lengiines). The quality of the fit is
parent translational diffusion coefficie(i, .,y of the poly-  ndicated bYAG,=02(7)ft =92 Imeasur.at 6=120° as an example.

mer aggregates. In this case “averaged” meanshat, is . ] ) o

derived from the whole experimentglrange. However, at of the compu_ted theoret|c_al correlation functions is in good
low-q values a deviation from the linear relation is obsery-29reement with the experimental angular dependence. As an
able and the intercept of the linear fit is significantly below€x@mple the residuals fog=120° are depicted in Fig. 8.
zero. This is an indication for additional contributions to the ONly Some minor deviations at large times are observed and
dynamic behavior in addition to the pure translational mo-tn€ model represents the measured data with good accuracy.
tion. Therefore, the data are analyzed applying the model of "€S€ minor deviations can be attributed to an imperfect
Pecora for stiff rodgsee below, which takes into account '€Presentation of the length distribution by the Schulz-Zimm
the rotational diffusion. The influence of internal dynamicsfélation. During the fitting procedure the diamedss fixed

and rotation decreases with decreagipngherefore, a linear (0 @ constant value. Varying the diametegives different
regression of the twd' values at the two lowesj values is values for the Iength, and so dlfferent pairs of diameter and
performed, todsee Fig. 6. This gives lowe values oD, 5, length can describe the experlme_ntal curves. Yhealues
which might represent the pure translational motion. But the?f the fits were plotted as a function of the diamedeand
errors are hight10%) due to the bad statistics by using only this curve showed a minimum for a diameter of 26-30 nm
two data points for the regression. The found intercepts arfP" the investigated solution&=0.02-0.2 wt. %. The cor-

in the range of 0 to -60 and no systematic dependence on t{gSPonding mass averaged lengthLiz=340 nm and the

concentratiort is observed for both the slope and the inter-found values for the polydispersityl,,/M, are in the range
= of 1.5-2. The accuracy of these parameters does not allow
cept. The mean value ofD is D,,n=40.4

zZ,app zZ,app H H H
%102 né s°L, which gives a value for the hydrodynamic for an anqu5|s of the conqentratlon dependence, since the
— concentration dependence is small.

radiusR, ,=60+6 nm. The estimated error &f, ,,, covers
all observed values db, ,,, Nevertheless\D, .,y from the
linear regressions over the whaolgrange as a function of V. CONCLUSION
concentratiort is shown in Fig. 7 to investigate the concen- i L
In the present article the characterization of B

tration dependence @,. (D, ,,p as a function of concentra- _ R
' PEQ55 aggregates in aqueous solution is discussed. The

tion has a slightly negative slope, which might be an indica- hown, exberiments cover the concentration ranae from 0.02
tion that there are some attractive interactions between thg oW/ €XPer! S Cov L lon rang :
% up to 2 wt. %. The static light scattering data from a

233;33%5?; %rcsgséir:gecéiggﬁrgi Ot:.e aggregates mcreasg%z wt.% solution can be described with a model form fac-
tor for rods and wormlike chains with a Schulz-Zimm distri-

bution of the length_. The fit for the wormlike chain results
in a ratioL,/Lg=1, i.e., a low flexibility of the rodlike

In Fig. 8 the experimental intensity time correlation func- aggregates. The mass-average lerigthof the aggregates
tions g,(7) for a 0.2 wt. % solution of PBsPEQ;55 at four  resulting from these model fits is 389 and 380 nm, respec-
different angles=45°, 60°, 120°, and 150° are shown. Un- tively, and the polydispersity parametet,/M,=1.2 and 2.
der the justified assumptiofsee static light scatteringhat  In both cases the determined values reproduce the radius of
the investigated aggregates have the shape of a rod, agyrationR,,=124 nm found by analyzing the initial slope of
markedly stiff and show a length distribution, it is possible toKc/R(q) vs g? with good accuracy. From the molar mass of
calculate theoretical correlation functions according to theéhe aggregatedl,,=(1.65+0.9 x 10° g mol* and the molar
model by Pecora with a Schulz-Zimm distributed length  mass of one PBsPEQ,55 moleculeM,, ,=13 570 g molt
To increase the precision of the computed adjustable paranthe aggregation number is calculated toNyg =12100.
eters, a simultaneous fit af,(7) at four scattering angles Model-dependent analyses of the intensity-autocorrelation
according to Eq(19) is performed. The angular dependencefunction g,(7) from the dynamical light scattering using the

2. Model-dependent analysis
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model of Pecora for rigid rods, gives a mean lengfhof  scattering length density profile(r) is typical for a core-
340+30 nm and a diameter of around 28 nm for solutionsshell particle.

from 0.02 up to 0.2 wt. % concentration. The used model From the determined length, of the aggregates a linear
accounts for all relevant modes in the entiyeange and for  particle densityNy, nm=35 nnT* is calculated. From the ag-
the present dimensions of length This is different com- gregate and polymer volume an aggregation numigr

pared to most of the previous DLS studies of rigid rod sys-Z11 240 and a linear particle denshy, =32 nn7 are cal-

tems were usually only the first two modes are used to de(%ulated

scribe the decay of the correlation function. The decrease of .ty 6,14 cylindrical aggregate shape and the dimensions
Dy app With Inceasing polymer concentration is small. A of the cross section are in good agreement with the findings
growth of the lengthL of the aggregates with increasing of Bates and co-workers. The number rafigeo/ N Of the

olymer concentration would be directly observable in a . S
Eonycise decrease @f, 5, and we can congllude that the cyl- present BCP is 0.55 and a cylindrical shape of the aggregates

inder length is independent of the polymer concentrationca" be assumed. In contrast to other aqueous BCP solutions

This behavior is different compared to surfactant systemsthe present BCP forms only cylindrical aggregates and no

. . . . . xistence with spherical r rvesiclesi rved.
which form wormlike micelles in aqueous solution. Suchcoe stence with spherical aggregates or vesicles is observed
“living polymer” systems often show a concentration depen-

dence according to a power law, vizoc?® (e.g., G,Es ACKNOWLEDGMENTS
[40)).
The analysis of SANS data on 2 wt. % solution in@M@ Financial support for this research from the Deutsche

shows a structure factor effect at laywalues. The maxi- Forschungsgemeinschaft through SFB 448 is gratefully ac-
mum cross-sectional radius Rgs ma= 19 Nm and the radial knowledged.
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