HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 124904(2005

On the shape of bottle-brush macromolecules: Systematic variation
of architectural parameters

Silke Rathgeber®
Forschungszentrum Jilich, Institut fur Festkorperforschung-Weiche Materie, D-52425 Jilich, Germany

Tadeusz Pakula and Agnieszka Wilk
Max Planck Institut fir Polymerforschung, D-55128 Mainz, Germany

Krzysztof Matyjaszewski
Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

Kathryn L. Beers
National Institute of Standards and Technology, Polymer Division, Gaithersburg, Maryland 20899-8542

(Received 12 October 2004; accepted 28 December 2004; published online 25 Margh 2005

We measured the form factor of bottle-brush macromolecules under good solvent conditions with
small-angle neutron scattering and static light scattering. The systems under investigation are
brushes, synthesized via the grafting-from route, built from a(pdityl methacrylatebackbone to

which poly(n-butyl acrylate side chains are densely grafted. The aim of our work is to study how
the systematic variation of structural parameters such as the side chain length and backbone length
change the conformation of the polymer brushes in solution. All spectra can be consistently
described by a model, considering the bottle-brush polymers as flexible rods with internal density
fluctuations. Parameters discussed @jethe contour length per main chain mononigr(2) the

fractal dimension of the side chaifis, as well as(3) the fractal dimensioD, and(4) the Kuhn

length A, of the overall brushl,=0.253+0.008 nm is found to be independent of the side chain
length and equal to the value found for the bare main chain, indicating a strongly stretched
conformation for the backbone due to the presence of the side chains. The fractal dimension of the
side chains is determined to Ig=1.75+0.07 which is very close to the value of 1/0.588.70
expected for a three-dimensional self-avoiding random w@&R-SAW) under good solvent
conditions. On larger length scales the overall brush appears to be a 3D-SAW (Iself
=1.64+0.08 with a Kuhn-step length ok, =70+4 nm. The value is independent of the side chain
length and 46 times larger than the Kuhn length of the bare backb@re.8+0.2 nm. The ratio

of Kuhn length to brush diametag/d= 20 determines whether lyotropic behavior can be expected

or not. Since longer side chains do not lead to more persistent structyfdgjecreases from 8 to

4 with increasing side chain length and lyotropic behavior becomes unlikeBO@ American
Institute of Physics[DOI: 10.1063/1.1860531

I. INTRODUCTION backboneN, and side chaindN,, (3) the type of polymer
constituting the main and side chains, gddl their polydis-
Bottle-brush polymers are comblike macromoleculespersities, tailor-made, comblike polymers can be designed
with relatively long side chains which are densely grafted toaccording to specific needs. For example, impact resistant
a polymeric backbone in a regular manner as sketched in Fignaterials are obtained if soft side chains are grafted to a stiff
1. The interest in comb-polymer brushes is related to thgackpone whereas thermoplastic elastomers can be created if

possibility to form stiff, cylindrical, and shape-persistent it side chains are combined with a soft polymeric back-
structures based exclusively on intramolecular excluded volg, o Amphiphilic copolymers can find applications as hy-

ume interactions. High branching densities can lead to strongrogels compatibilizers in polymer blends, emulsifiers, dis-
stiffening of the backbone due to steric overcrowding of the ' ' '

. o 2 rsan rf modifyin n nd many more.
side chains in the densely packed brush. In addition, thge sants, surface modifying agents, a d many more

S o . . ) . There are three general synthetic routes to bottle-brush
chemical incompatibility of the main chain and side chains

might play an important role macromolecules(l) grafting-from,(2) grafting-through, and
By controlling the molecular parameters such(&sthe (3) grafting-onto methods. In the grafting-onto route pre-
grafting densityo (number of side chain branches per mainformed polymers having reactive chain ends are attached to a

chain monomex (2) the degrees of polymerization of the backbone bearing functional groups. The grafting-from tech-
nigue requires active sites on the backbone polymer, called

macroinitiators which can initiate the polymerization of the
dauthor to whom correspondence should be addressed. Present address: poly

Max Planck Institut fir Polymerforschung, Ackermannweg 10, D-55128SIde chains. Th_e most Com_mon method is the grafting-
Mainz, Germany. through mechanism where oligomdresacromonomejscar-
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of Schappacheet al*® on brushes consisting of stiff PS side

chains and a stiff polghloroethylvinyl ether (PCEVE
backbone were synthesized via the grafting-onto route. To
characterize the chemical structure of the bottle-brush mac-
romolecules we will use in the following the nomenclature
(s“X"-b-“Y") whereX andY denote the polymer building
the side chains and the backbone, respectively.

Dynamic and static experiments have been performed to
characterize the solution properties of bottle-brush macro-
molecules. These include sedimentation velo¢8Y) (Ref.

14) and viscosity(V) (Refs. 1, 2, 7, and )9measurements,
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\ N dynamic(DLS) (Refs. 1, 3, 5, 10-12, and J4nd static light
1.0 ) ] . scatteringSLS) (Refs. 1, 3, 5, 6, 8-12, and LBxperiments
Star"'lkeBF:mf"e on the fractionated or in combination with gel permeation
5 081 SIS 1 chromatography(GPQ on the eluted samples. Small-angle
‘:—g 064 \Gaussian profile i scattering experiments with neutro(S8ANS) (Ref. 13 and
= \amp,es B2-B5 x-rays (SAXS) (Refs. 3, 4, and 1)2have been performed on
o 04 1 fractionateds-PSh-PAMA (Refs. 3 and #ands-PSb-PS?
02, \ ] as well as ons-maltopentaos®-PS (Ref. 12 and s-PSb-
’ PCEVE (Ref. 13 brushes.
00 e SLS results were successfully described in the frame-
00 02 04 06 08 10 12 14 16 work of various wormlike chain modelénfinite small cross
r/R section such as the model of Koyarjr?afor the form factor

and the models of Kratky—Porddand Benoit-Dotyf for the
FIG. 1. Sketch of a bottle-brush polyméop) and of a wormlike cylinder  molecular Weight dependence of the radius of gyration of an

with radial density profil€centej. In the bottom the starlike density profile : : :
of sample B1 and the Gaussian density profiles of sample B2-B5 are shoerJ]nperturbed brush. Using the wormlike chain models, the

in terms of polymer volume fractions as a function of the radial distanceKUNN segment lengtty, and the contour length of the
from the contour line normalized to the radius of gyration of each sample.overall brush were derived from the SLS data. From the

latter the contour length per main chain monormgrL/Ny

) ) has been determined, whelkg is the number of segments
rying polymerizable double-bond end groups are grafted tObuilding the backbone. In their earlier work, Schmidt and

gether. For the grafting-onto method the molecular weightg,, \qkerd? concluded that the wormlike chain models
of side and main chain can be analyzed separately. They alith finite hydrodynamic cross sectibnsuch as the

be well defined with regards to molecular weights of MaiNyamakawa—Fuijit® the touched bea®f, or the helical worm-
and side chain as well as in terms of the number of branchegy o chain modéil'zz fail to describe,the molecular weight

but the position of the branches is random and their NUMb€iehendence of the viscosity data but describe very well the
broadly distributed. Steric hindrance effects might lead O olecular weight dependence of the radius of gyration ob-
low grafting efficiency. The use of macromonomers in thei,ineq by SLS. However, Nakamura and co-workeriater
grafting-through method allows synthesis of comb-polymersy, showed that these models can consistently describe SLS
with high and uniform branching density but broad overall g viscosity data if the contribution of the side chains to the
molecular weight distributiofvariation in backbone length  contour length of the overall brush is considered. Thus, the
However, if well-defined macromonomers are used in thedynamic measurements yield in addition ltoand \,, the
synthesis, subsequent fractionation can lead to small quantisfective hydrodynamic cross sectiaky. Excluded volume
ties of well-defined structures in regards to main and sideffects on the radius of gyration and on the viscosity were
chain lengths. If the grafting-from technique is used, highconsidered by Nakamura and co-workefsin the frame-
and uniform branChing densities can be achieved. The disa%ork of the quasi_two_parameter theeﬁyor wormlike and
vantage of this method is that only the backbone can bgelical wormlike chains. In addition to the Yamakawa—Fuijii
characterized directly. The molecular weight of the sidemodel for wormlike chains, Nemotet al** discussed their
chains can only be derived indirectly from the overall mo-results on the diffusion coefficiebLS) and on the transla-
lecular weight, or if possible, by subsequent detachment ofional friction coefficient(SV) by modeling the brushes as
the side chains from the backbofeg., by hydrolyzing the prolate ellipsoids where the length of the semiaxes are cal-
ester linkage in the brushes investigated here culated assuming either coiled or fully stretched conforma-
Most bottle-brush macromolecules investigated so fation for the backbone and the side chains. From small-angle
were synthezised via the grafting-through method andheutron and x-ray scattering experiments on dilute solutions
had rather stiff, bulky side chains based on polythe form factorP(q) of the bottle-brush macromolecules can
styrene (PS,*° poly(methyl methacrylate (PMMA),*®  be obtained, wherg denotes the scattering vector. The scat-
poly-2-vinylpiridine!* or maltopentaosé which were tering spectra were discussed by modeling the shape of the
grafted to a rather stiff PS backbdrfe®? or poly(alkyl ~ bottle-brush polymers as stiff cylindéf’ or prolate
methacrylatg (PAMA) backboné %! The investigations ellipsoid$ with homogeneous density. Experimentally ob-
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tained spectra were also compared to results obtained fromonformation for the overall brush. Thgdrodynamic brush
molecular modelind:*? The cylinder model yields in addi- diameters ¢ obtained by Nakamura and co-worketgV,
tion to L (here the cylinder lengihthe cross section radius SLS) for s-PSb-PS and Nemotcet al’* (DLS, SV) for

of gyrationRzs4 of the cylinder. s-PSHh-PAMA brushes support the picture that the side
The results of these experiments, which are not consisshains in a bottle-brush polymer adopt the same conforma-
tent can be summarized as follows. tion as a corresponding free, linear polymay. was identi-

] ) _ fied with twice the end-to-end distance of a free, linear chain.

@ CO{QE’?””Q thecontour length per ma!n_gcham Only for the shortest side chains investigated, the results are
monomet*** Ip=L/N, or being more .preC|§e Ib petter described assuming a planar, zig-zag conformation for
=L/(Np+2Ny), which includes the contribution of the side {he side chains? However, the hydrodynamic cross sections
chains to the contour length of the overall brush, to the thegetermined by Schmidt and co-workef¢SLS, DLS,V) for
oretical value for the bare backbone yields information about psp-pPAMA brushes are 30% larger than twice the end-to-
the conformational changes occurring in the backbone due tgng distances of the corresponding free, linear chaips.
the presence of the side chains. FBPSH-PS brushes \gzjues obtained later by Fischer and Schﬁq(dDLS, SLS
Nakamura and co-workéfs (V, SLS came to the conclu- for the same system are of the order of the end-to-end dis-
sion thatly is insensitive to the number of side chain seg-tance of a fully stretched side chain. From their observations
mentsNs and close to the theoretical valugs=0.252 nm  the first author concluded that the side chains are signifi-
[see Eq.(13)] expected if the contour length of the bottle- cantly stretched whereas the latter attributed their findings to
brush macromolecule follows that of the main chain. ThiSa rather extended, radia”y decaying density prof"e_
result reflects the strongly stretched conformation of the  (4) Schmidt and co-worketsmodeled theform factor
backbone. The latter statement is in agreement with results @btained fors-PSb-PAMA and s-PSb-PS brush polymers
Nemotoet al** (DLS, SV) ons-PSbh-PS brushes. Since side measured by SAXS by a prolate ellipsoid fé§< 10 and by
chains and backbone are built from the same monomer thgn elliptic cylinder forN,=10 with homogeneous segment
induced rigidity is solely due to steric crowding but is not a density distributions. They also compared their experimental
result of the incompatibility of the constituents. In contrast,data to results obtained by molecular modeling. The authors
Schmidt and co-worke?s® (DLS, SLS found for sPS-  state that with increasing backbone length a relative sharp
b-PAMA brushes that, increases with increasing side conformational transition takes place: In brushes with short
chain length but always stays smallgg<0.21 nm) than  packbones, the backbone adopts a randomly coiled confor-
the limiting value. The main chain shrinks in poor solventmation but brushes with long backbones exhibit a zig-zag or
compared to good solvent conditions. F&iPMMA-b  helical conformation. In both cases the side chains stay ran-
-PMMA brushes investigated by the same auth@kS,  domly coiled. Surprisingly, the transition between an ellip-
SLS) a much lower value of,=0.08 nm isfound indicat-  soidal and cylindrical shape takes place at rather low ratios
ing a more coiled conformation of the backboife. N,/Ns=~0.9. Schappachest al'® measured the form factor

(2) All authors cited so far consent, that tkehn length  of s-PSh-PCEVE brushes by SANS. From the slopé&y)
A of the overall bottle-brush polymers are significantly in- «q=45 in the intermediatet region the authors concluded
creasedone to two orders of magnitufi@ompared to the that the radial density profile must exhibit a relatively sharp,
corresponding bare backbones. Nakamura and co-w8rRers well-defined interface. The power-law decayRify) = q* at
(V, SLS found for thes-PSb-PS samples that, increases high scattering vectors indicates a fully stretched conforma-
linearly with increasing side chain length. The increase of thejon for the side chains. Fas-maltopentaosé-PS brushes,
Kuhn length withN; is significantly stronger for good sol- Schmidt and co-worket$ concluded from their SAXS spec-
vent conditions than fow solvent. A more than linear in- tra by comparison with results obtained from molecular
crease of\, with Ns has been observed by Schmidt andmodeling that the brushes form large helixes which are bro-
co-workers (SAXS, DLS, SLS for s-PSb-PAMA samples  ken once or twice into segments with no intersegmental spa-
who in addition came to the conclusion thgtis insensitive  tjal correlation.
to the backbone length. However, in later publications the  So far the only small-angle scattering studies addressing
same authors obtain for the same system a much weakéie full form factor of bottle-brush macromolecules in solu-
dependence of the Kuhn leng(B0% increaseon the side tion have been performed on brushes consisting of rather
chain length which was varied by a factor of about'3. stiff side chains and backbones synthesized via the grafting-

(3) The cross section radius of gyrationdg, has been  through approacfi’?'® This paper presents results on
obtained by Schmidt and co-workéréor s-PSHb-PAMA  brushes which were prepared via the grafting-from route and
brushes from a Guinier analysis of the SAXS form factorsare built from more flexible polyn-butyl acrylateé (PnBA)
plotting P(q) X q versusg. Resg is found to scale with  side chains grafted to a PAMA backbone. Structural param-
«N2"tindicating that the side chain conformation is close toeters such as the backbone lendth and the side chain
that of a two-dimensional self-avoiding random wdRD-  lengthN, are varied in a systematic manner. With static light-
SAW) for which aocNgl4 scaling behavior is theoreticaffy  and small-angle neutron scattering the full form factor has
expected. Further SAXS measurements 9RSH-PS and been measured yielding information about how the architec-
s-PSb-PAMA brushes revealed th&sg is independent of tural parameters are correlated to the structural properties of
the backbone lengthTo separate the cross section form fac-the bottle-brush polymers in solution on length scales rang-
tor from the overall scattering the authors assumed a rodlikeng from the dimension of the overall brush down to length
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scales of the internal density fluctuations. A model has beepower-law dependende(q) «q° whereD=1/v can also be
formulated yielding a consistent description of the scatteringexpressed in terms of the Flory exponenfor more details
data for all samples over the fujl range. see Sec. IV.
The cross section form factdP.s is obtained by the
Il THEORY two—dimensional Fourier.transfon(m pola}r coordinate)sof
' the radial(exces$ scattering length density profile-o(r)
A. Scattering for flexible cylinder with finite radial

. 2
Cross section

Pedg) =

ct f pcs(r)Jo(ar)rdr
As a consequence of the experimental findings summa- 0
rized in the Introduction, we expect the bottle-brush macro- o
molecules to have a rather stiff, elongated shape. The back- with C:f peg(r)rdr, (2)
bone should adopt a strongly expanded conformation due to

the high grafting density of the qttached side phams N OUL here Jo denotes the zeroth-order Bessel function of first
samples. However, the polymeric structure will still allow

some flexibility. Thus, we expect the overall shape of thek|nd andr is the radial distance from the cylinder axis per-

bottle-brush macromolecules to be best described by a Semll)endmular to the contour line as shown in Fig. 1. For the

flexible, wormlike cylinder as sketched in Fig. 1. If the Kuhn description ofpc(r) we take various scenarios into account
length(and the contour lengihs much larger than the radial

which were already successfully applied to various highly
extension of the wormlike cylindeflocally stiff cylinder),

branched polymer structures, such as high-functionality
for cylinders with finite cross sections the overall form factor

3334 dendrimer®3®  and  diblock  copolymer
Pshapéd) can be approximated by a product of the form fac-

stars;
micelles®’8 First, we consider an exponentially decaying
tor P,,(q) of an infinite thin, semiflexible chain and the
cross section form factdPg

cross section profile where the density shows a long-ranged,
P =P, X P . 1
shapéq) wlc(q) CS(q) ( ) 1 forr < Rc

generalized power-law decay for> R, but is constant for
r<Rr;
Potschkeet al?* conclude from a comparison between pcs(r) :{ X -1
. . _ rX{1+exg(r—-Ry/ forr >
various theoretical resufts>C for the form factor of worm- ar™ R = RJ/og]} Re
like chains and results obtained from Monte Carlo simula- 3

tions that the empirical equations given by Pedersen anﬁl . . .
. . . he amplitudea=R{1+exg—(Rs—R.)/ o]} is determined
Schurtenbergé? and the theoretical expression given by by the conditionpedR)=1. The Fermi function ensures a

Kholodenkd® are the most suitable models available today . .
. ) . . fast decay of the density to zero for distances larger than the
to describe the form factor of wormlike chains for arbitrary : ; .
: : outer radiusR; over a width of aboutr. In this way a con-
stiffness(L/\,) and the entire range of length scal@egq) . . i
? ergence of the integrals in ER) for the calculation of the
probed. The theory of Kholodenko does not include exclude : ) L
. . . —cross section form factor is ensured. The determination of
volume effects which we will show have to be taken into

. . Pcs has to be performed numerically and involves the core
account for our particular system. The oit@nalytica) mod- > . .
o . radiusR;, the exponenk, the outer radiuf,, and the width
els considering excluded volume effects are the theories o

Sharp and Bloomfieflf and Koyamé\6 which are only valid Of the cutoff regiono as adjustable parameters. . .
! : . . ; Second, we consider the case where the radial density
for either very flexible or very stiff chains, respectively.

Hence, for the interpretation of our SANS data we useod ;ftrlbr%t;ﬁ)g \I/iit?lefactrjlizztlj?cb{ei Cr(;rs“égl(;jt:gntgrfn?scgpiaaemsfeen_
the empirical equations derived by Pedersen ancf yp b b

Schurtenbergé? who performed off-lattice Monte Carlo qngtlon ) and a Gaussian density profile with standard de-
. i o L ) : . viation o
simulations on semiflexible polymer chains with and without

excluded volume interactions. Empirical, approximate equa- % —(r-r")?

tions were derived parametrizing the form fac®y. of a pcslr) :J [1-6(r'| - Ro)]ex Tz ar’. (4
semiflexible chain using the methods suggested by Yoshizaki '°° Je

and Yaf_'ﬁaka"g? and the approach introduced by Burchard o Eourier transform of the convolution product simply
and Kajiwara.” The numerical parametrization parametersgpiq jntg the product of the Fourier transform of the single
were determined by weighted least-squares optimization ;45 which leads in terms of the first order Bessel function

the simulated results. Equatlons_ _relevant for. the gvaluatlon ojl of first kind to a simple, analytical expression for the cross
Pwic under good solvent conditions are given in Ref. 29,0 ion form factor

(method 3 with excluded volume interaction§he adjust-

able parameters of the wormlike chain model are the cylinder Ji(qRY) |2 2 o

contour length_, the Kuhn length\,, and the Flory exponent Pcs(q) =4 “qR exp(— 20¢q°). (5)

v. At intermediate scattering vectoflength scalesthe scat-

tering experiment is sensitive to the fractal structure of theThe limiting cases of a constant and a Gaussian density pro-
random-walk formed by the rigid segments building thefile can be obtained by setting.=0 andR,=0 in Eq. (3),
wormlike chain. The scattering stemming from such a fractatespectively. Fox=0 the exponentially decaying profile is
structure with fractal dimensio® follows a characteristic solely described by the Fermi function yielding results simi-

0
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lar to those obtained by taking the convolution of a constant, (view along contour line)
spherical density profile and a Gaussian.
The cross section radius of gyrati®sg can be calcu-

blobs
side chains

X
lated in polar coordinates ),@5,«;\9‘@)
@REDEES
o @%?5@?9'0@5 blobs
fArzpcs(r)dA fo répcs(r)dr s backbone

2 =

Sg - o0 ’ (6)
f pcs(rdA f rpes(r)dr
A

0

whereA is the cross section area. For a density profile de-
scribed by a convolution of a constant, spherical profile and
a Gaussian distribution,

Resg= \/R;§+4o% (7

is obtained and for the generalized exponentially decaying
density profile the integration in E¢6) has to be performed
numerically.

: ii\
AWy

& ~
SHeptndS > 2
7\ :

@

“superblobs” building
random walk of overall brush

B. Internal density fluctuations ) )
FIG. 2. Blob model for bottle-brush polymers sketched after Birsteem.

The following procedure follows the approach of Dozier, (Ref. 39 and Halperin(Ref. 40.
Huang, and Fettef$ which has been already successfully

applied(in modified versionsto other highly branched poly- qé

mer systems such as diblock copolymer miceife¥ star 0y = — (9)
polymers®*3* and dendrimerd>*® Here, we would like to [erf(qResg/V6)]

limit ourself to the aspects especially relevant to the bome'and,u:vgl—l, wherew, denotes the Flory exponent related
brush macromolecules under investigation. to the fractalityD,=1/u, of the structure on length scales

On length scales smaller than the correlation lerigti  smajler than the correlation length of the density fluctuations
the dgnsny fluctuatlon_s,_ parts of the bottle-brush have to bgnq erf is the error functiorPgnape defined by Eq(1), takes
described as self-avoiding random walks and excluded volitg account the scattering contribution stemming from the
ume interactions have to be considered. The correlatiogopal shape of the bottle-brush polymer which is described
length ¢ of the density fluctuations defines a spherical vol-py 4 flexible cylinder with radial density profile. The second
ume _Ca”(Egz blob.” In the models of Birshtegt al™"and in oy describes the scattering originating from the internal
theorie$®~** following the Daoud—Cotton ansatz, the back- yensity fluctuations. In analogy to the model of Beautage
bone as well as the brush are built up by densely packeghe error function in Eq(9) ensures a smooth vanishing of
blobs as sketched in Fig. 2. Similar to star polymers the blohhe pjop scattering contribution on length scales of the cross
size (correlation lengthrelated to the side chains increasesggction radius of gyration.
with increasing distance from the cylinder axéontour ling The amplitudea, of the blob scattering relative to the
as the segment concentration decreases. Within a hollow C¥implitude of the contribution stemming from the overall
lindrical layer (around the contour line of the overall brish shape is given by the ratie,=Ny,,/N, of the number of
the blobs are of equal size. In the limitedwindow of the segmentdNy,5=p(RER)? in the (three-dimensionalouter-
SANS experiment only the largest outermost blobs of thgngst plobs and the total number of segments=N,(1
side chains contribute to the highscattering and we can set +Ngo) in the macromolecul® N, can be approximated by
&(n=£R)=¢£=const, wherRis the radius of the brush. Due N ~ NN in the limiting case of long side chains and high
to high polymer densities, the range of the density fluctuayafiing densities or, being more precise, for strong overlap
tions close to the cylinder contour line should be very shoryatween the side chair®lo>1). Table | summarizes the
ranged. Thus, blobs corresponding to the backbone and igyits for good solvent conditions obtained from the free
close-by parts of the side chains should be small and contnténergy approach of Birshteit al.>® allowing stretching of
ute to the scattering at much higher scattering vectors onlyghe inear spacers between the branching points and those of

In the framework of the Dozier approaththe overall  yainerif® who summarized the results of Zhulina and
form factor of the bottle-brush polymer can be apprOX|mateq/i|gis41 and Wang and Safrafi.The latter authors extended

by the sum of two contributions the purely geometrical blob model of Daoud—Coftbfor
sin[w tan (qp) ] star polymers to cylindrical geometry, whefechains are
P(ag) = PshapéQ)*'abm, (8)  grafted to a(straight thin line of lengthL with grafting
#ap{ 1+ ] densityo=f/L.
with Birshteinet al*° assumed that bends with radius of cur-
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TABLE I. Summary of the results for good solvent conditions of the models of Birsleteat. (Ref 39 and
Halperin (Ref. 40.

Model & P R Noiob a

i i 1/2, . —6/25\3/50 -2/3_8/25\|-2/25 /25\118/25 ~3/10\(7/10 ~13/1Q\j—3/10\—1
Birshtein rl2g6/29\3 r 238125\ 3PN o K o B3N,
Halperin r1/20.—1/2 r—2/30.2/3 0_1/4N§>/4 0_—5/8N§/8 0_—13/8N;3/8N£1

vature larger than the brush diametier2R do not contribute the corresponding macroinitiatof@nd side chainsfrom

to the increase in free energy due to the fact that the graftedihich the bottle-brush macromolecules are grown. Since the
chains are redistributed partially moving from the concave tqolydispersity of the side chains has not been determined
the convex side. Thus, the persistence lengtshould be of  independently, we assumed that the polydispersities of side
the order of the diameter of the brush. This leads in terms ofhains and macroinitiators are of the same order. The values
the Kuhn lengthy,=2X\, to \,/d~ 2 independent of graft- for the macroinitiators are given in Table II. The form factor
ing density and side chain length. As sketched in Fig. 2 the®(q) taking into account the contour length polydispersity
overall brush is composed of so-called “superblobs” of di-is then given by

ameterd describing thegself-avoiding random walk of the o

overall brush. Fredricks8naddressed the stiffening of flex- J
ible, linear polymer chains due to complexation with oligo-

P(g)w(L)LdL
0

meric surfactants. For high coverages he adopted the result Prop(d) = * ’ (14
of Wang and Safrdfi as given in Table | for the radius of the f w(L)LdL
brush-like aggregates. Under the assumption that there is 0

only slight redistribution of the surfactant tails for small where P(q) is defined by Eq(8). Polydispersity effects on

bending curvatures he obtained for the persistence length efie brush diameter arising from the side chains are not con-

the toroidal aggregate sidered explicitly in the fit but rather are included in the
Ng 0_17/8Né5/8 (10) radial density profile.

yielding I1l. EXPERIMENTAL SECTION
%E o g 1OENDE, (11)  A. Samples

The samples consist of hydroxyethyl methacrylic main

The_stiffnes_s of the overall aggregate increases almo_st dUhains prepared by atom transfer radical polymerizé‘ifé"ﬁ
dratically with N5 and consequently the ratig/d determin- ¢ syetched in Fig. 3. Subsequent, side chain functionaliza-

ing whether or not these systems exhibit a lyotropic transito, yith 2-(bromopropionyloxyethyl yields additional ini-
tion from an isotropic to a nematic phase can be significantlyjaiion sites for controlled growth of PnBA side chains as

increasedin a more than linear mannewith increasindNs.  gescribed in earlier publicatio&*° The sample characteris-

tics were varied systematically. The parameters changed in
C. Polydispersity the experiment were the side chain and the backbone length,
keeping always the other parameter constant. The
2-(bromopropionyloxyethyl methacrylat§ PBPEMA) mac-
roinitiators were prepared by polymerizing protected (ly
hydroxyethyl methacrylaje Both, light and neutron scatter-
_ratha L 1» ing experiments were performed in toluene, a good solvent
- (s +1) exp=rL), (12) for the backbone and the side chain polymer. An overview
over all samples including their characteristics and the char-
9 ‘ _acterization methods is given in Table Il. The weight-
The parameterd =[L,/L,~1]"" characterizes the polydis- ,yeraged molecular weightst, and the polydispersities
persity of the contour lengtt.,, andL, are the weight- and yy /M of the macroinitiators have been measured with size
number-averaged cylinder contour lengths, respectively. FOgy usion chromatograph¢S8EQ. The degree of side chain
a strongly, stretched conformation of the backbone the cong,nctionalization and, therefore, side chain initiation density

tour Iine_of the overall brush_ shou_ld essentially fo_IIow theWas determined b)J,H nuclear magnetic resonan@sMR)
contour line of the backbone including the contribution fromfor each macroinitiator to be=95%. Weight-averaged mo-

the side chains lecular weights of the bottle-brush macromolecules have

L = 2(N, + 2Ngb sin(a/2) = (N, + 2Ng) X 0.252 nm, been measured by SLS from which the degree of polymer-
(13) ization of the side chains were calculated usMg of the

macroinitiators determined by SEC. The number-averaged

where b=~0.154 nm anda~110° denote the C—C bond degree of polymerizations of the side chains have been de-
length and bond angle, respectively. Hence, the rafjf_, rived from results obtained by elementar analy&#) and
should essentially be given by the polydisperdity/M, of by conversion measurements determined'HyNMR. The

The polydispersity in contour length of the (flexible
cylinden due to the polydispersity of the macroinitiators is
considered by assuming a Schulz—Zimm distribution

w(L)

where I' denotes the Gamma function amek(8 +1)/L,,.
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TABLE II. Characteristics of the studied macroinitiators and bottle-brush macromolecules.

Macroinitiators/side chain polymer

SEC Model Fit
M, M,
Abbreviation Name Polymer N, (10° g/mole M,/ M, (10° g/mole
S1 S13-43 PnBA 281 36.0 1.14 43.0
M1 KB6-83 PBPEMA 188 41.3 1.21
M2 KB6-60 PBPEMA 400 83.1 1.28 104
M3 KB7-2 PBPEMA 780 157 1.32
Bottle-brush polymers
NMR/EA SLS Model fit
M, My, dn/dc M,,
Abbreviation Name Macroinitiator Ng (1¢° g/mole Ng (1Cf g/mole (cm?/g) N, (10 g/mole
Variation of side chain length
B1 KB6-68 KB6-60 22 1.234 24 1.720 -0.0190 26 1.862
B2 KB7-26 KB6-60 62 3.285 54 3.644 -0.0200 58 3.952
B3 KB7-11 KB6-60 98 5.130 88 5.964 -0.0230 81 5.539
Variation of backbone length
B4 KB6-94 KB6-83 58 1.447 56 1.670 -0.0194 59 1.813
B5 KB7-4 KB7-2 50 5.205 43 5.950 -0.0194 39 5.344

values forNg, averaged from the different methods are pre-have been used with a path length of 2 mm. A rectangular
sented in Table Il. The corresponding number-averaged mesample area of 8 8 mn? has been illuminated. Correction
lecular weightsM,, of the overall brushes were calculated for detector sensitivity and conversion of the two-
using M, of the macroinitiators determined by SEC. dimensional data to absolute scattering cross section has
been performed using a Lupolen standard. Further the data
were corrected for background stemming from the empty
cuvette and the deuterated solvent with the appropriate trans-
Small-angle neutron scattering experiments have beemission factors. In a subsequent step the corrected data were
performed at the KWS2 instrument at the Dido reactor of theradically averaged. The convolution of the measured spectra
Forschungszentrum Julich GmbH, Julich, Germany. With amwith the instrumental resolution is considered in the fit rou-
incident neutron wave length of=0.632 nm ag range be- tines following the procedures described by Pedersen.
tween 2.5< 1072 and 1.7 nm* has been covered using three The g resolution of the experiment iSAGeyum
detector distancedsns=2, 8, and 20 m with the collimation = \/(qA)\/)\)2+(A0277/)\)2 with A9=1.693x 1023 and A
set toC=8 m for dsans=2,8 m and toC=20 m fordsans  =4.231x 1072 for C=20 and 8 m, respectively. The SANS
=20 m. The neutron beam had a bandwidthA\af/A=18%.  experiments have been performed at 20 °C. Polymer con-
As sample containers rectangular Hellma quartz cuvettegentrationsbp between 2 and 0.1 wt % have been measured.
Below ®,=<0.25 wt % no structure factor influences could
side chain be detected. Higlerdata shown were taken at higher concen-
PnBA trations®p=1 wt % to ensure a sufficient signal to back-

ground ratio.
H_-0 H H OCH;H H
+= |l || |
CH3—<IJ—C—O—(I:—(|2—O—C—(lz-[-CI:—(li-];lBr

B. Small-angle neutron scattering

C. Static light scattering

The light scattering experiments were carried out using a

H—&Z—H H H H H (|)=O frequency doubled continuous wave Nd: yttrium-aluminum-
H (o) garnet laser model DPY 425 Il from Adlas, Germany with a

I wavelength of A=532 nm. An avalanche diode model

PAMA ?Hz SPCM-PQ from EG&G, Canada, specially selected for very
backbone CH high quantum efficiency was used as a detector. The de-
| 2 tected, scattered light was computed to correlation functions

CH, by a 50 000/E/ALV hardware correlator. The temperature of

('liH the sample holder was maintained at 20 °C within 0.1 °C.

3

Toluene was used as an index matching liquid to avoid the

FIG. 3. Structure of the bottle-brush polymers with a PAMA backbone andStray Ii.ght. from Cuve.ttes walls. Simultaneously St_atic and
PnBA side chains. dynamic light scattering data were collected starting from
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9 light and small-angle neutron scattering is shown in Fig. 4.
FIG. 4. Form factor of the bottle-brush polymer B5 as obtained with SLSAt small scattering vectors, accessible by light scattering
and SANS(markersg in a double logarithmic presentation. Absolute inten- only, the dimension of the overall bottle-brush is visible
1 i 1l i 05 | - . . . . . . .
e o e how o e s UITIY 1EGION. I the itermeatey egion the scattering
for a flexible and stiff cylinder with Gaussian density profile, respectively. is sensitive to the fractality of the bottle-brush as a whole. If
The slopes -1 and —1/0.588 as expected for the intermediieggime fora  the overall shape of the brush would be described by a stiff
stiff cylinder and 3D-SAW under good solvent conditions are also shown. cylinder, the measured intensity should follow a power-law
decay proportional to<qX. The theoretical result obtained
20° to 150° with a step width of 2°. 4 range was covered for a stiff cylinder with Gaussian density profile and a slope
ranging from 5.15 107 to 3.4X 10°2 nm™* calculated with  of 1/»=-1 are also shown in Fig. 4 by the dashed lines. It is
the refractive indexn=1.496 for toluene. For a test of the obvious that the data cannot be prope”y described by a stiff
setup alignment, prior to each measurement on a sampleylinder model. The overall shape of the bottle-brush poly-
toluene was measured at the same scattering vectors. Theer has to be described by a flexible cylinder which itself is
correlation functions were analyzed using the CONTRef. 3 self-avoiding random walk characterized by a Kuhn length
52) and cumulan method. The measured correlation func- \ and a Flory exponent determining the power-law decay
tions were single exponentials and relaxation rates were Iinq—llv in the intermediatet region. For comparison, the theo-
ear functions ofg” as expected for free, translational diffu- retical result for a flexible cylinder and the slope 11/
sion. _ _ =1/0.588 as expected from perturbation calculation for ex-
Samples were dissolved in toluefi€luka, 99+% and  ¢jyded volume conditions are also presented in Fig. 4 by the
filtered into the dust free cuveFtes using u PTFE filters.  ggid lines. If we continue going to highervalues the scat-
Round quartz cuvettes with a diameter of 20 MMiering starts to get sensitive to the density profile of the cyl-
(HELLMA, Germany were cleaned using an acetone fon-inqer cross section. If the dimensions of the cylinder length
tane. To ensure a complete dissociation, samples were gently,| its thickness are well separated, plotti§P(g) should
stirred and left for a few hours. The weight of the dissolveddirecﬂy lead to the cross section form facigs(q) which is
samples, added toluene, and final solution was carefully COMsiotted in Fig. 5 for the same sample. In tjsegion, char-
trolled. Final concentrations were corrected for evaporation,cterized by the monotonous decrease in the lptpg0-588
of toluene. Prior to each measurement solutions were equiline scattering experiment is sensitive to the radial density
brated in the goniometer head for about 15 min. The solvenfqfile of the brush. For even highgivalues the static form
scattering was subtracted and. the data were normalized to thg.iqy again follows a power-law dependencg /*. In this
toluene standard. Concentration down to 0.3 g/I were megg region the loose, internal polymeric structure of the bottle-
sured showing no structure factor influences for the lowesg,sh macromolecules can be resolved. As outlined in more
concentrations measured. Specific refractive index incregetail in Sec. 11 B the side chains and the backbone them-
mentsgn/dc were determined using a Schulz—Cantow-typese|yes have to be described as self-avoiding random walks
differential refractometer and are included in Table II. on length scales smaller than the correlation length of the
density fluctuations. This scattering contribution is called
IV RESULTS AND DISCUSSION blob scattering. In the range of the experiment only the
To visualize the different scattering regimes, the specilargest blobs contribute to the scattering and the blob scat-
trum obtained for the sample B5 by a combination of statictering can be described by a single blob size and a single
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. FIG. 7. Form factor of the bottle-brush polymeis1, B2, B3 with same
FIG' 6. l_:orm factor Of. the botle-brush polyme4, B2, BY with same ackbone length but different side chain lengtttluding the bare backbone
side chain length but different backbone length measured by SLS and SAN 2)] measured by SLS and SAN®arkers in a double logarithmic pre-

(markers in a double logarithmic presentation. The solid lines correspond 1O antation. The solid lines correspond to results afinultaneousfit as

results of a(simultaneoukfit as described in the text. described in the text.
Flory exponent describing the fractality of the side chains i
the outermost blobs close to the cylinder surface.

The scattering form factor of a flexible cylinder given in
Eq. (1) includes the contour length, the Flory exponent,
the persistence lengtky, and the parameters describing the of the flexible cylinder model
cross section density profilsee Eqs(3) and(4) and discus- Brushes (B4, B2, BS wifh varying backbone length
sion _bek_)vq as adjust_able_z parameters. '!'he term n &), (N,=188, 400, and 780at (almos} fixed side chain length
considering the contribution of the density fluctuations add?N ~56+6) and samplesB1-B3 where the side chain
their correlation lengtt¥ and the Flory exponent, describ- Ier?gth is_varied(Ns:ZZ, 62, and 98keeping the backbone

ing the fractality of the internal structure on length Scaleﬁength constantN, =400 were measured. The grafting den
b= . -
smaller thané. The contrast factoK relates the form factor sity is o=0.95 for all samples. Approximately each mono-

to the measured absolute intensity mer carriers one side chain. As can be seen from Figs. 6 and

"the Flory exponent expected for excluded volume conditions,
in the following v is kept fixed to the theoretical value of
0.588. Please note that this is the value for which Pedersen
and SchurtenbergQé’rdetermined the numerical parameters

das Angw 7, showing the scattering spectra normalized to the polymer
E(Q) =K X P(q) =®p N, < P(9), (15  concentration as a function of the scattering vector, all curves
PRINA superimpose in the high-range where the contribution of

where N, denotes the Avogadro number. The difference inthe internal density fluctuations dominates the scattering. The
scattering length densities between solvent and polykper ~ Scattering spectra for samples with different backbone length
the polymer densityp, and the polymer volume fractioh, ~ but same side chain length also superimpose in the
was calculated for all brushes from the densities of deuterintermediateg region reflecting the fact that the radial den-
ated toluene p=0.943 g/cm, poly (n-butyl acrylate  Sity profile is the same. The spectra split at Iqwalues due
pprea=1.06 g/cmd, and polyethyl methacrylate ppeya 1O the change in the overall molecular weight. The situation
=1.12 g/cnd using appropriate averages. In the following, is different for the samples where the side chain length is
scattering spectra normalized g are discussed. The over- Varied but the backbone length is kept fixed. Obviously, the
all molecular weights of the brushes were set to the value§hange in the radial density profile significantly changes the
obtained by SLS allowing a variation of +10% in the fit. The Scattering in the intermediatgregion.
fit results are included in Table II. The blob radiust and the Flory exponent, are deter-
Keeping the Flory exponent of the overall brush as admined by fitting Eq.(8) to the highg data for all samples
justable parameter for all sampléscluding the bare back- (B1-B5 separately. As expected from the observations de-
boneg leads to an unsystematic variation ofaround the Scribed above, neithef nor 1, change significantly around
average valuer=0.61+0.03 which corresponds to a fractal an average valué andy,, respectively. For further evalua-

dimensionD=1.64+0.08. Since the average value is close tdion ¢ is set to its average valug=3.0+0.1 nm. The average
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TABLE Ill. Summary of structural parameters and results obtained from the model fit described in the text.

N L

Sample N Np nm N, (nm Dk L (nm =

s Res (nm)  (nm) R (nm) "
S1 281 0 0.41+0.02 0.94+0.08 1.1+£0.1 712 767
M2 0 400 0.99+0.08 1.8£0.2 0.9+0.1 101+3 56+6
B1 22 400 4.16+0.08 704 8.4+0.5 112+4 1.6£0.1
B2 62 400 6.3+0.1 70+4 5.6+£0.3 1334 1.9+0.1
B3 98 400 8.2+0.2 704 4.3+0.3 151+5 2.2+0.1
B4 58 188 6.0+0.1 70+4 5.8£0.4 772 1.1+0.1
B5 50 780 5.8+0.1 704 6.0+£0.4 223+7 3.2+0.2

value of the Flory exponent,=0.61+0.04 turns out to be =1.75+0.07. Within the error bars the result equals the value
close to the theoretical value calculated for excluded volumexpected for a three-dimensional random walk under ex-
conditions and is in analogy to the Flory exponent of thecluded volume condition$3D-SAW) but is far away from
overall cylinder set to the theoretical valge,=0.588 for  the valuer,=3/4 expected for a two-dimensional SAW. This
further evaluation. result is in disagreement with the small-angle x-ray scatter-
To describe the radial density profile of the bottle-brushing results of Schmidt and co-workéresho determinedy
polymers we tested various radial density profiles such as an0.71, a value much closer to the 2D-SAW value, for their
exponentially decaying profile modified by a Fermi function s-PSb-PAMA brushes with, however, stiffer side chains.
[see Eq.(3)] which serves as smooth cutoff towards largeThe computer simulation results of Murat and Gtésw,
radial distances from the contour line as well as a profile=0.75, Khalatur et al® (vs=0.758, and Rouauff (vg
given by a convolution of a Gaussian and a constant, sphere=0.7) also support the 2D-SAW picture of the side chains as
like profile [see Eq(4)]. The limiting cases of a Fermi func- do theoretical predictionfrs=0.72 (Ref. 39 and »4=0.75
tion, a Gaussian, and a constant density profile are automatiRefs. 40—42]. The Monte Carlo simulation results of Saa-
cally covered by these two models. The solid lines in Fig. 6ériaho et al®’ on flexible brushes yield values betweep
(B4, B2, BH and Fig. 7(M2, B1-B3 show the result of the =0.68 and 0.72 with increasing bulkiness of the monomers
model fit, including that of the bare backbofM2), obtained  building up the side chains. However, Nakamura and
by fitting all data set¢B1-B5, M2 simultaneously. The data co-worker§® (s-PSb-PS and Nemotoet al** (s-PSb-
fit clearly shows that, except for the brush with the shortesPAMA) concluded from experimental results that the side
side chaingB1, Ns=22), the radial density profile is suffi- chains adopt the same conformation as a free, linear chain
ciently described by a simple Gaussian. This leaves us witas do Rouault and BorisoV, Gauger and Pakuf®, and
the width of the Gaussiaa. or equivalently the cross section Shiokawa, Itoh, and Nemo%(vszo.&) from their com-
radius of gyrationR:-s,=20 as the only adjustable param- puter simulations. The results for the cross section radii of
eter for the cross section form factors of samples B2—B5gyration are summarized in Table IIl including the value
The cross section density profile of the bottle-brush polymepbtained for the sample with the shortest side chains. In
B1 with the shortest side chains is better described by athis caseRcs4 has been determined numerically from Eqg.
exponentially decaying density profile. For the sake of clarity(6). Interestingly, also for this sample the cross section
in Fig. 7, the result obtained with a Gaussian profile is notradius of gyratiorRcsy=4.16+0.08 nm is/ery close to the
shown for B1. The fit is insensitive to the core radius and thevalue obtained from the ansatzR.:Sg:Rgsg+aN§S
width of the cutoff function. The exponentially decaying pro- =3.95+0.07 nm made fdRcs4 of samples with longer side
file diverges for — 0 and is not defined fors=0. HenceR,  chains exhibiting a Gaussian density profile. So the scal-
and o are set to values below the resolution limit ing of the side chain dimension with the side chain num-
(=0.5 nm of the scattering experiment, leaving the expo-ber is in accordance with theoretical expectations for a
nentx and the outer radiuRs as the only adjustable param- 3D-SAW. We can now compare the absolute values ob-
eters of the model fit. For the exponent the fit yiekls tained forRcsq (after subtracting?gsg of the macroinitia-
=0.45+0.02. The value is in good agreement with the simutor M2) with the radius of gyratiorRy e calculated for a
lation results of Murat and Gréstfor chain grafted to a thin  free, linear 3D-SAW PnBA chain having the same number
line but clearly smaller than the theoreticﬁﬁy42 predicted of segments as the side chains in the brush
value ofx=2/3. Theouter radius has been determined to be

. : =) -0
R;=6.3%£0.2 nm. For the Gaussian profiles we made the fol- Resg ~ Resg - Resg RCSg' (16)
lowing ansatzRcsy=Res,+aN:s, whereRes,, is the radius Ry free N
of the bare backbone@macroinitiator M2, a is an adjustable Rg’S]‘Ng&

parameter and the exponentcan be taken as a measure of
the fractality of the side chains. We obtaig=0.57+£0.03 or  Here Ry =4.51+0.07 nm is the radius of gyration of the
in terms of the fractal dimension of the side chaidg = PnBA homopolymerSlL with Ng =281 monomers andy
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=0.588 is the Flory exponent of a free, linear chain withand co-workers for their sPSb-PS ands-PShb-PAMA
excluded volume interactions. We obtain for the ratiossamples, respectively, could not be confirmed by our experi-
(RCSQ—ROCSQ)/Rgvfree:Z.QiO.l independent ofNg and ments. Values ranging from,=16—75 nm fors-PSh-PS
Resg/ Ry ree=3.4—4.1 with increasing the side chain length (Ns=15-65 under good solvent conditioffs and N

from Ng=22-98. Hence, we can conclude that even so the26-208 nm fors-PSh-PAMA (N;=8-53 (Ref. 65 were
absolute values for the radial brush dimensions are somdeund. However, in a later publication the latter authors ob-
what higher than the dimensions derived under the assumpained for the same system a rather weak dependence of the
tion that the side chains adopt the same conformation as Kuhn length on the side chain lengtfi® Values range from a
free, linear chain under excluded volume conditions, theather high starting value 0f,=140 nm up to only 170 nm
scaling on the side chain length is preserved. Nakamura anglith increasing the side chain length frof=14-47. So
co-worker$® (s-PSb-PS and Nemotoet al** (sPS- far, computer simulations only addressed the persistence
b-PAMA) identified the hydrodynamic brush radiug,  length of the backbone in the brush which, however, might
=dy/2 with the end-to-end distand®: ;. Of &, to the side reflect the behavior of the overall structure. Rouault and
chains corresponding free, linear chdiet Ry s be the  Borisov®°® observed an increasing main chain persistence
corresponding hydrodynamic radjus Schmidt and with increasing side chain length as did Saariahal %6~
co-workers (s-PSb-PAMA) found for their brushes that The latter authors obtained for brushes with flexible side
ry is about 30% larger thamRg e With Rgee~2.46  chains that the persistence length of the main chain increases
X Ry free (S€€ Ref. 61aNdRy free~1.5X Ry free (S€€ RefS. 62 in the same manner as the brush diaméteN®®® but a

and 63 under good solvent conditions, this corresponds tqquadratic dependence in the limit of rigid rod side chains
ratios of ry/Ry sree~3.7 and 4.8, respectively, which are was found®’ This might be taken as an indication that in-
(very) close to our results. In a later publication Fischercreasing side chain stiffness might lead to a stronger depen-
and Schmidt (s-PSb-PAMA) even concluded that; is of  dence of the persistence length on the side chain length.
the order of the end-to-end distanceReyans  Thus, differences between our results and those obtained by
=2Nsb sin(e/2) assuming a fully, stretched conformation Nakamura and co-workefs and Schmidt and co-workers

of the side chains. With Rypee=RysiNs'/Ngi and  might be due to higher side chain stiffness in their samples.
Re rand Ry ree= NGNE 120 sin(a/2)/ Ry g this would corre-  However, the more recent results of the latter authors ob-
spond to much highery values being 8.2 to 15.3 times tajned for the same system would be in conflict with this
larger thanRy e for Ns ranging from 22 to 98. explanatior™.*® The results of Gauger and Pakillavho ob-

In Fig. 1 the radial density profiles for the starlike profile served an increasing main chain persistence with increasing
of sample B1 and the Gaussian profiles of samples B2-B3jge chain length for very short side chains but a saturation
are shown. The polymer volume fraction is plotted as a funcygf \ as the side chains become longer seem to be more in
tion of the radial distance from the contour line normalizedsccordance with our results. For flexible side chains the al-

to the radius of gyration of each sample. Normalization ofygst quadratic dependence )gf of the overall brush o,

pcs has been done using the relation as predicted by the theory of Fredrickédfsee Eq(10)] has
" neither been confirmed by experiments nor by simulations.

wa pes) (- M , (177  The prediction of the model of Birshteiet al™® (\,~d)
o Aps LNapp seems to be more in accordance with the simulation results

of Saariahcet al®’ for flexible side chains but does not ex-

where the molecular weights of the brushes are taken frorplain any of the experimental results.
the SLS results given in Table II. For the samples B2—B5 the  The ratio of Kuhn lengthy, to brush diameted (here
polymer volume fractions at the contour line are found to beidentified with Rcs,) determines, whether or not, the over-
0.67+£0.09 vol % yielding a standard deviation of 13% all shape of the brushes is stiff enough to exhibit a lyotropic
which is certainly within the error bars of the determinationtransition from a disordered to a nematic phase with increas-
of M,, andL. The error bars given in Fig. 1 are set to 13% ofing polymer concentration. Since further increase in side
the (average absolute value. chain length does not induce an increase in brush stiffness,

Within the error bars the Kuhn length of the bottle-brushthe ratio\,/d decreases from about 8 to 4 with increasing
polymers(B1-B5 does not show any systematic variation in side chain length fronN;=22 to 98. As a consequence, the
a single fit of the spectra. Hence, in the simultaneous fit onlychance to find such a lyotropic phase transition decreases
one Kuhn length independent Nf andN,, has been assumed with increasing side chain length. The values for all samples,
for all brushes yielding an average value of 70+4 nm whichincluding the one for the bare backbone are summarized in
is 39 times larger than the value of 1.8 nm obtained for theTable IlI. The results of Nakamura and co-workefn the
bare backbondmacroinitiator M2 but much smaller than s-PSbH-PS brushes seem to support a different trend. The
the value of\ (=120 nm obtained fois-PMMA-b-PAMA ratio\,/d (hered is identified withd,,) is (slowly) increasing
brushes? As a measure of how many segments built theas the side chain length is increadédSchmidt and
flexible cylinder of the overall brush the ratio of contour co-worker§® obtain for theirs-PSbh-PAMA samples a rather
length to Kuhn lengthL/\, can be taken which varies be- strong increase of,/d (hered is identified with Rcsg) with
tween 3.2 folN,=780 and 1.6 folN,=188. The(more than  increasing\s. Values range from about 11 fdi;=8 to 20 for
linear increase of the Kuhn length with increasing side chaiNs=53 and are, compared to those obtained in our study, by
length found by Nakamura and co-work&tsand Schmidt a factor of 2 larger. However, the much weaker dependence
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of A\ with Ng found later for the same system would againof scattering units\;. Since the spectra of all sampléB1—

lead to a decreasing rati/d with increasing side chain B5) superimpose at high scattering vectors, the product
Iengthf_"15 The computer simulation results of Gauger andayN;=N,, must be constant where the factdy originates
Pakulg® support our observation of a decreasing ragigd  from the overall molecular weight in the contrast factor in
with increasing side chain lengttior longer side chains  Eq. (15 relating the form factor to the measured absolute
Note that computer simulations again discuss the ratio ofntensity. We obtainNy,,=52+3. Hence, we can conclude
backbone persistence to brush diameter, whereas expethat the number of scatterers in one blob is the same for all
ments and theories measure/calculate the Kuhn and persisrushes but does not depend on the side chain length as
tence lengths of the overall structure, respectively. For flextheoretically predictedsee Table )139‘42 This result is in

ible side chains, in accordance with the model of Birsh&tin accordance with the observed constant blob size if the den-
al.,* the simulations of Saariatet al>"*yield A,/d (hered sity (in the brush periphelystays also constant. However,

is identified with the end-to-end distance of the side chainsthe theories do not correctly describe the radial density pro-
to be almost constant but a linear increase Withs found  files of the brushes either. The brushes are much denser ob-
for rigid-rod side chains. Values ofy/d increase with in- jects with a profile better described by a Gaussian then by a
creasing side chain stiffnegbut constantNy) between the extended power-law decay as predicted by the theories.
limiting values obtained for flexible and rigid-rod side
chains, respectiveﬁ? Thus, giving an indication that the
(compared to our resujtsmuch higher ratios\,/(2Rcsg)

found by Schmidt and co-workérgs-PSb-PAMA) might We measured the form factor of bottle-brush macromol-
be due to the higher side chain stiffness in their samples. Thecules under good solvent conditions with static light and
more than linear increase &f,/d as predicted by the theory small-angle neutron scattering ovegaange probing length
of Fredricksoft® [see Eq(11)] could not be confirmed, nei- scales ranging from the overall brush dimension down to
ther by experiment nor by simulation. length scales sensitive to the internal density fluctuations. In

We considered the contribution of the side chains to theontrast to the brushes with stiffer side chains investigated so
contour lengthL=(N,+2Ny)l,, of the overall brush for the far, mostly s-PSb-PAMA and s-PSb-PS brushes synthe-
interpretation of our data, whefgis the contour length per sized by the grafting-through method, the brushes studied by
monomer contributing to the contour length of the overallus are synthesized via the grafting-from route and are built
structure. The fit reveals thhfis insensitive to the backbone from a polyalkyl methacrylatg backbone to which more
and the side chain length and is equal to 0.253+0.008 nm foftexible poly(n-butyl acrylate side chains are grafted to each
all samples(B1-BY), including the bare backbone. Accord- main chain monomer. Architectural parameters such as the
ing to Eq.(13), the fit value forl, equals the theoretical one side chain and backbone length have been varied in a sys-
within the error bars. The fact thitis the same for the bare tematic manner in order to correlate conformational proper-
backbone and the cylindrical brush suggests that the contoties of the polymer brushes to structural parameters.
length of the overall structure follows that of the backbone.  All spectra can be consistently described by a model
This should only be possible if the backbone adopts a rathezonsidering that the bottle-brush polymers are governed by
stretched(expandedl conformation. This observation is in two different length scales: On large length scales the brush
accordance with the findings of Nakamura and co-wofkérs is described by its average density distribution. The overall
for ssPSbh-PS brushe#l,=0.27 nnm) who also found, to be  shapes of the brushes can be described as flexible rods with
independent ofNg. Schmidt and co-worket8found a much  radial density profiles modeled either by a Gaussian or an
lower value 1,=0.071 nm for their sPMMA-b-PAMA exponentially decaying density profiléor the sample with
samples even so the overall persistence of the brush is hightite shortest side chain length onlgeflecting the well de-
(A\¢=120 nm compared to our samplés,=70 nm. Our re-  fined, compact shape of the brushes. On small length scales
sults are also not in accordance with the findings of the samimternal density fluctuations become visible reflecting the
authors fors-PSbh-PAMA brushes’™® They obtained an in- loose polymeric character of the bottle-brush polymers on
creasindy, with increasing side chain length which, however, these length scales. The results of a simultaneous fit of all
stays smallefl,<0.21 nm than the theoretical value ¢&f  spectra can be summarized as follows.
~0.252 nm. Saariahet al®’ observed in their simulation The contour length per contributing monoméey
that in brushes with flexible side chains the backbone is 10=0.253+0.008 nm is independent of the side chain length
cally stiff and the contour line is smooth. In brushes with (and backbone lengthand equals the value found for the
rigid-rod side chains local fluctuations are much stronger bubare backbone. Thus, the contour length of the overall brush
on larger length scales the backbone exhibits a stronger preaust follow the contour length of its backbone. This can be
ferred direction of propagation, i.e., persistence. Hence, diftaken as indication that steric crowding, due to the presence
ferences in side chain stiffness might explain the differencesf the side chains, leads to a rather extended conformation
between our results and those of Schmidt andwith smooth contour lineof the backbone.
co-worker$'®* put do not explain the agreement with the The fractal dimension of the side chaibg=1.75+0.07
findings of Nakamura and co-workets. is very close to the value of 1/0.5881.70 expected for a

As discussed in Sec. Il B the relative amplitude of the3D-SAW under good solvent conditions. Most likely the
blob scattering contributiomy, is given by the ratio of the backbone stretches to allow the side chains to adopt an en-
number of scattering units in bloly,, to the total number tropically more favorable, coiled conformation. Since most

V. CONCLUSION
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