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ABSTRACT: Using small angle neutron scattering, we investigated the conformation of star polymers with
functionalities ranging from f = 8 to f = 128 in a good solvent. The stars were made by anionic polymerization
of isoprene or butadiene using multifunctional chlorosilane linking agents. Single star form factors at zero
concentration were determined by extrapolating low concentration data to ¢ = 0. Conformations at finite
concentrations were obtained by the zero average contrast method. In general the star form factors are well
described in terms of the Daoud-Cotton scaling model. This concerns the molecular weight, functionality,
and concentration dependence of Rg as well as the shape of the form factor. In particular the step height
between the low § and asymptotic power law regime was found to follow an f3/2 law. Furthermore, with
increasing functionality the star form factors were found to tend toward spherelike behavior, bearing evidence
for a secondary maximum at the position of the third oscillation of the corresponding sphere form factor.

1. Introduction

The static scattering behavior of regular star polymers
insolution has been the subject of numerous experimental
investigations during recent years. Lightscattering, small
angle neutron scattering (SANS), and X-ray scattering
techniques were applied to examine structural aspectsi-1!
as well as some special features of star polymer interactions,
leading to ordering phenomena around the overlap
concentration, 291213

However, experiments performed thus far are restricted
to molecules with relatively low functionalities, since
regular stars possessing more than 18 arms had not been
synthesized. Recently, Roovers et al.1415succeeded in the
synthesis of 32, 64, and 128 arm stars via the preparation
of well-defined high functionality chlorosilane linking
agents. In the present paper we report SANS measure-
ments on star polymers with functionalities of f = 8, 18,
32, 64, and 128 in a good solvent.

We have concentrated on a systematic investigation of
the single star form factor, P(Q), as a function of f and
molecular weight. Determination of P(§) was made in
the limit of infinite dilution. Additionally, we have
examined the concentration dependence of P(Q) for two
stars with 18 and 64 arms. For this purpose we have used
the zero average contrast method.’® This method is a
special labeling technique which allows the direct mea-
surement of form factors at finite concentrations since
contributions from interparticle interactions cancel.
Thereby a higher scattering intensity is obtained compared
to the method where only a small amount of labeled
polymer is measured in a matrix of unlabeled polymer
and solvent.

From the theoretical point of view star polymers have
gained considerable interest because they serve as pro-
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totype examples for tethered chains, polymer brushes, and
multibranched systems. Following Gaussian chain sta-
tistics, Benoit!? derived a single star form factor in 1953.
In order to incorporate the influence of the excluded
volume interaction Allessandrini and Carignano!® recently
calculated the static scattering function with renormal-
ization group techniques. They provide a best nonlinear
fit of the theoretically derived function which allows a
comparison with experimental data up to 18 arms. A
conformational study of star polymers in a good solvent
via a self-consistent minimization of the intramolecular
free energy was reported by Allegra et al.1® Moreover, the
conformation of stars was examined by Daoud and Cotton2®
and Birshtein et al.222 using scaling concepts. The
proposed model is based on a blob picture common to
semidilute solutions. Due to the inhomogeneous density
distributions in stars, the size of the blobs increases on
passing from the center to the rim. Grest et al.2? have
presented a detailed molecular dynamics (MD) simulation
study of star polymers with relatively few monomers but
many arms. In most respects they obtained good agree-
ment with the scaling predictions of the blob model.

In this work we present our data in light of the different
theoretical approaches. Scaling predictions, in particular
the size dependence on functionality and molecular weight,
will be checked by our experimental results. By com-
parison to a hard sphere form factor we demonstrate the
increasingly spherelike constant density distributions at
higher degrees of branching.

We further concentrate on an analytical description for
the star form factors. Thereby it will be shown that we
can approximate our data by an equation consisting of
two contributions: Onerepresents ashape function arising
from the density correlations of the whole star and the
second term is given by the Fourier transform of the pair
correlation function of a polymer in a blob. Finally, we
will discuss the concentration dependence of the form
factors in the dilute and semidilute range. For the 18 arm
star we found scaling properties which are analogous to
those of linear polymers. In contrast the 64 arm star
behaves entirely differently. Here it will be shown that
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Table 1. Molecular Weights of Star Polymers and Single

Arms
10—3M Wstar 10—3MN,arm
sample® f SANS? LSe osmometry  SECH
PB12807 128 715 840 6.8
PB6415 64 774 725 12,1
PB6407 64 405 395 6.3
PB3237 32 1330 374
PB3220 32 644 19.4
PB3210 32 256 301 9.5
PB3205 32 168 169¢ 54
PI18 18 134 138 7.5
PI8 8 66 61 7.5
PB6407D 64 7.0
PI18D 18 8.4

¢ PB = polybutadiene, PI = polyisoprene, D = deuterated. ® By
Zimm analysis. ¢ By light scattering in cyclohexane. ¢ By calibration
with linear PB and PI, respectively. ¢ 1.55 X 105 by osmometry.!4

the change in P(Q) with concentration is not due to a
shrinkage of the molecule but must have other origins.

2. Experimental Section

The 8 and 18 arm stars were made of polyisoprene (PI), while
the stars with 32, 64, and 128 arms were built from polybutadiene
(PB). The detailed synthesis of the star polymers was described
elsewhere. 14152425 Pirgt a narrow molecular weight linear living
polydiene was prepared by anionic polymerization techniques
with s-BulLi as the initiator. A small fraction was removed and
terminated with degassed methanol. It is the reference arm
material. The polymerization conditions used led to a statistically
uniform stereoirregular chain microstructure (for PI, ~7 wt %
3,4, ~70 wt % cis-1,4, ~23 wt % trans-1,4; for PB, ~8 wt %
1,2, ~50wt % cis-1,4, ~42wt % trans-1,4). Theliving polydiene
was reacted with the appropriate multifunctional chlorosilane
compound. The 8 arm star was prepared by linking of the arms
with Si[CH;CH,Si(CH;)Cl:]4, and the 18 arm star was obtained
With [CHle(CHzCHleCla)s]g.

Dendrimer carbosilanes containing 32, 64, and 128 silicon-
chlorine bonds in the perimeter have been prepared and have
been used as linking agents to prepare 32, 64, and 128 arm star
polybutadienes. The chlorosilane dendrimers were synthesized
from the corresponding vinyl compound by hydrosilylation with
methyldichlorosilane in the presence of a platinum catalyst. The
starting compound was the tetravinylsilane. The synthesis and
properties of the vinylcarbosilane and chlorocarbosilane den-
drimers has been described previously.?-2 A 2-3-fold excess of
living polydiene was used in order to force the linking reaction
tocompletion. Thelinking reaction was monitored by comparison
of the high molecular weight star peak and the low molecular
weight arm peak of the size exclusion chromatograph (SEC)
traces. The excess of the living linear polymer was terminated
with degassed methanol. The star polymers were extensively
fractionated in a benzene (or toluene)-methanol mixture in order
to remove the excess of the arm material. All polymer solutions
were protected against oxidation, degradation, and cross-linking
by 4-methyl-2,6-di-tert-butylphenol. For the zero average con-
trast experiment two deuterated stars, PB6407D and PI18D,
were prepared in order to match the corresponding protonated
stars in functionality and molecular volume.

The number average molecular weight My of the precursor
polymer was measured with a Hewlett-Packard 503 osmometer
intoluene at 35 °C or by SEC, calibrated with linear polyisoprenes
and polybutadienes in tetrahydrofuran at 30 °C. Elution volumes
of the deuterated and protonated precursor polymers were almost
identical. Molecular weights of the deuterated arms were
therefore estimated to be higher by a factor of 1.12 (PI) and 1.11
(PB) due to the ratio of molecular weights of deuterated and
protonated monomers, respectively. The weight average mo-
lecular weight of the star polymers was measured in cyclohexane
at 25 °C by light scattering with a Brookhaven system or with
a Chromatix KMX-6low angle laser photometer. The molecular
characteristics are summarized in Table 1.

The coherent macroscopic scattering cross section, d=(Q)/dQ,
of a SANS experiment can be defined in the following way:
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dz o = 80

Here Q is the scattering vector given by 4r sin(8/2)/\ where 8 is
the scattering angle and A the neutron wavelength. N, denotes
the Avogadro constant, and S(Q), the static scattering function.
Ap? is the contrast factor given by

Zbp Zbg\2
2. (Z2°P_ 278
Ap ( ve | Ug ) 2

where Zbg and Zbp are the coherent scattering lengths and vg
and vp the volumes of the solvent molecule and the repeat unit,
respectively.

In the case of dilute polymer solutions the inverse scattering
function can be expressed by the following equation:

¢ __ 1
S@ VywP@

+ 24,0 3

where P(Q) is the polymer form factor. Vw denotes the weight
average molar polymer volume, ¢ the monomer volume fraction,
and A, the second virial coefficient.

In order to measure the polymer form factor at higher
concentrations an experiment under zero average contrast
conditions can be used.!®2"-2 Thereby a 50 vol % blend of a
deuterated and a protonated polymer, both of the same volume,
isinvestigated in a mixture of deuterated and protonated solvent
having the same average scattering length density pq:

1 (sz,ﬂ + me)  GuZhgy + (1 - ¢3bp
079 B vg

4)

Up
with ¢y as the volume fraction of the protonated solvent.

According to eq 1 the scattering cross section can be expressed
as the sum of partial scattering functions:

g—g(Q) = ng(APHZS}m + Aop’Spp + 280580pSpy)  (B)

with indices D and H referring to deuterated and protonated
monomers, respectively. Under zero average contrast conditions

b
Ap, = App = -Apy = UP’D ) (6)
P
eq 5 can be rewritten as
dz .. _ Ao,
0@ = TA(SHH + Spp ~ 28pw) M

If we introduce the decomposition of the partial scattering
functions into a self-contribution (I) and a distinct contribution
(II) according to

S = Silaij + Sijn ®
where i and j denote H and D, one obtains

Apz2
@ = 00+ Sl + oo+ Sy~ 250

Under the assumption that the correlations between D chains,
between H chains, and between H and D chains are equal the
distinct contribution cancels and, under the further assumption
that the form factors of both chains are identical eq 9 simplifies
to

Apz2
@ =328 10)

With Sp! written in the normalized form

Sp' = 2VyP@ 11
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Figurel. Scattered intensity at @ = 0 of the isotopicstar mixture,
PB6407, in protonated and deuterated methylcyclohexane as a
function of the volume fraction of the protonated solvent. The

solid line represents a parabola fit. The minimum indicates zero
average contrast.

the coherent macroscopic scattering cross section is directly
related to the form factor at each concentration:

dz, .. _ An,
E(Q) = N, o VwP(@Q) (12)

The SANS measurements on samples PI8 and PI18 were
performed at the D17 spectrometer at the Institute Laue Langevin
in Grenoble, France. The experimental conditions have been
published elsewhere.!? Allother SANS experiments were carried
out at the NG7 30m machine at the National Institute of
Standards and Technology in Gaithersburg, MD. In order to
obtain the form factors in the limit of zero concentration,
measurements at polymer volume fractions of ¢ = 0.01, 0.005,
and 0.0025 were typically performed. Methylcyclohexane-d;,
was used as solvent.

In the case of the zero average contrast experiment 50 vol %
blends of the protonated and the deuterated stars were prepared.
In order to match the average scattering length density of the
blends, five isotopic mixtures of methylcyclohexane ranging from
25% to 65% of the protonated species were examined in a
preliminary test (see Figure 1). At constant polymer concentra-
tion (2%) a minimum in the forward scattering indicated zero
average contrast at 43.2% (PB 64 arm star) and 45.6% (PI 18
arm star) methylcyclohexane-h,, which are close to the calculated
values of 45% (PB star) and 43% (PI star), respectively. Using
these experimentally determined solvent compositions polymer
solutions were prepared ranging in concentration from 0.01 < ¢
< 0.30.

Samples at low concentrations (¢ < 0.01) were measured in
5mm quartz cells. Transmission coefficients are typically around
60%. For samples under zero average contrast conditions 2 mm
cells were used. For those samples constant values for the
transmissions of 0.49 (PIstar) and 0.52 (PB star) were determined.

SANS experiments were performed at room temperature using
different spectrometer setups. Depending on the sample a
maximum range of the scattering wave vector of 0.005 A- < Q
<0.13 A-' was covered. This was achieved by using either a fixed
sample to detector distance with an offset of 30 cm or with a
centered detector but two different distances. The wavelength
was 5.5 or 7 A with a spread of ANA = 20%. During the
measurements on PB6415 and PB128 and the experiments under
zero average contrast the wavelength spread was 14%. The raw
data were corrected for background, empty cell, and solvent.
Absolute scattering cross sections were obtained by calibration
with a silica gel secondary standard and for short distances
additionally by a water standard:®

dz@ _ 1(Q) MONg dg T dE(O)) 19
]

d?  I,0) MON d T \"dQ

where S refers to the standard. MON denotes the total monitor
count, d the cell thickness, and T the transmission. I(Q) is the
scattered intensity, and Ig(0) is the measured intensity of the
standard at @ =0. dZ(0)/dQ = 32 cm-! for thesilica gel standard.
Inthe case of water dZ(0)/dQ = 0.777 cm-' at 5.5 A and 0.828 cm™!
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Figure2. Concentration dependent Zimm plot of PB12807.Con-
centrations: ¢ = 0.25, 0.5, and 1%.

at 7 A. Finally, incoherent scattering contributions caused by
the protonated polymer were calculated and subtracted.

3. Results

The scattering cross sections of the experiment under
standard conditions, dZ(Q)/d(, were transformed to-S(Q)
according to eq 1. The scattering function obtained
revealed concentration dependent differences at low Q.
In order to determine the star form factors, P(Q), the
scattering curves were extrapolated to infinite dilution
using a concentration dependent Zimm plot. This was
performed not only in the Guinier regime but also in the
whole @ range, where the concentration dependent dif-
ferences appeared. In the limit ¢ — 0 the scattering
function is given by

%S(Q@ —0) = VyP(@) (14)

In order to obtain proper form factors also at high Q the
statistic was improved by averaging the data of all
measured concentrations. This was possible since all
scattering curves are identical in this @ range.

For a quantitative evaluation in the low @ regime the
data were analyzed by the classical Zimm and Guinier
method. No analysis was carried out on the stars PB3220
and PB3237 since the Guinier condition QRg < 1 is not
fulfilled in the Q range available. Representative for the
stars, Figure 2 shows a Zimm plot of PB12807. According
to the definition (eq 3), the plot yields the weight average
molecular volume, Vi, from the intercept at @ = 0. By
multiplication with the density of the polymer the
molecular weights, My, were determined. They are
included in Table 1. The good agreement with the light
scattering data reveals the quality of the absolute calibra-
tion. The radii of gyration were obtained from the slope
of the curve extrapolated to ¢ = 0 with P(@) = 1- Q2R¢%/3.
Radii of gyration were also obtained from Guinier plots,
as shown in Figure 3 with P(Q) = exp(-Q?Rg%/3).

The results are listed in Tables 2 and 3. We found that
the radii of gyration obtained by the two methods differ
considerably from each other. This can be understood by
the fact that close to the limit QR = 1 radii of gyration
are overestimated by a Zimm and underestimated by a
Guinier evaluation. Since the recording of data at
sufficiently low @ was not possible, we have performed a
correction of the Zimm plot according to a procedure given
by Ullman.* This procedure is based on Gaussian coils
but can also be used as a first order correction for other
coil conformations. The corrected data are also listed in
Tables 2 and 3. The new results lie now between the two
extremes of Zimm and Guinier.

Star form factors are shown in a generalized Kratky
representation in Figure 4. In this representation a peak
occurs, which becomes more pronounced with the increas-
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Figure3. Guinier plots of form factors of stars P18, P118, PB3205,
PB6407, and PB12807 (from bottom curve). Data of PI18 are
offset by a factor of 0.97 for clarity. Vy is given in the units cm?
mol-L.

Table 2. Radii of Gyration, Step Height of Stars and Flory
Exponent v as a Function of the Number of Arms

Rg/A
sample Zimm Guinier Kratky Zimm® P@Q)/P(f*/%)
PB12807 111 86 109 105 8717 0.67
PB6407 113 80 97 98 295 0.67
PB3205 88 64 72 79 119 0.68
PI18 82 67 75 74 36 0.65
PI8 69 58 67 65 6 0.64

¢ Zimm results corrected by the Ullman approximation. ® Deter-
mined by a power law fit of the asymptotic range at high Q.

Table 3. Radii of Gyration of Star Polymers as a Function
of the Number of Monomers per Arm

Rg/A
sample Zimm Guinier Kratky Zimm® LS?® Mnyarm/Muon
PB3205 88 64 72 79 100
PB3210 114 87 98 101 100 176
PB3220 153 145 359
PB3237 222 224 693
PB6407 113 80 97 98 119
PB6415 147 96 124 129 224
PI18 82 67 75 74 110

@ Zimm results corrected by the Ullman approximation. ® By light
scattering in cyclohexane.l4

Figured4. Form factors of stars P18, P118, PB3205, PB6407, and
PB12807 (from bottom curve) in a generalized Kratky repre-
sentation.

ing number of arms. The peak in a Kratky plot is a
characteristic feature of star form factors and does not
appear for linear polymers.581132 From the peak position,
Quax, radii of gyration can be determined by approxzimating
the true form factor by the Gaussian star form factor®33
evaluated by Benoit:!7

P@ = [0 - 11 - expeo1 + L5 - exptyy?]
fo (15)
with
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=/
v 37 2QRG (16)

From the first derivative of Q2P(Q) the peak maximum
was calculated tolie between v = 1.1 and v = 1.3, depending
onf. Rg values obtained from this peak position are also
listed in Tables 2 and 3. Although this method is strictly
valid only for the © state the values obtained are close to
those from the Zimm evaluation corrected according to
Ullman. Thus, for those stars, where the Zimm regime
could not be accessed, it appears to be justified to take Rg
values from the Kratky evaluation. AsseeninTable 3 the
Kratky and corrected Zimm values of Rg are also in good
agreement with light scattering results obtained in cy-
clohexane.!4

In order to compare the scattering from star polymers
of different functionalities and molecular weights, in Figure
5 we present datain a scaling representation. The abscissa
was scaled with Rg; the scaling of the ordinate was done
such that in the asymptotic high @ limit all data should
collapse on one curve: At low @ the scattering of all arms
superimposes coherently—the intensity becomes propor-
tional to (Nf)2, where N is the number of monomers per
arm—while at high @, according to eq 15, we have
incoherent superposition of the arm scattering, rendering
I ~ N?f/v?, Thusthenormalized intensity should be scaled
by f, or VwP(Q)/N ~ NfP(Q)/N. The number of
monomers per arm was calculated by N = My arm/ MMon
using for My arm either the results of the osmometry or the
SEC analysis. Mo is the molecular weight of isoprene
or butadiene, respectively. The PI stars were adapted to
the PB stars by the ratio of the monomer volumes, Vpg/
Vpr = 0.8. Further small deviations at high @ (maximum
relative change 11%) were adjusted using shift factors.
The magnitude of these corrections is within the uncer-
tainty of absolute calibration (for values see Figure 5).
Figure 5 demonstrates the strong enhancement of the low
@ scattering if the functionality is increased. Figure 6A
displays the form factors of a series of f = 32 arm stars
spanning a Mw range of about a factor of 7. Scaling them
with Rg and N leads to the mastercurve shown in Figure
6B—stars with different My and equal f are self-similar
and even for the lowest Mw (Mn arm = 5400) no anomalies
due to the crowded center are visible.

Under zero average contrast conditions the form factors
are directly related to the scattering cross section since
interparticle contributions cancel (eq 12). The scattering
curves obtained reveal that at low concentrations the form
factors of the 64 and 18 arm stars are nearly independent
of ¢, while at higher concentrations deviations occur. Figure
7A displays form factors for some representative concen-
trations of the PI18 star. It can be seen that all curves
start from the same intensity level at low @. With in-
creasing scattering vector the intensity rises with growing
concentration, leading to a shift in P(Q) at intermediate
€, before the curves start to merge again in the asymptotic
range. Since the intensity enhancement commences in
the Guinier regime, the changes in P(Q) can be attributed
to a decrease of the radius of gyration of the star. We
have determined Rg by scaling @ such that the form factors
at each concentration superpose onto the curve of the
lowest concentration, as presented in Figure 7B. The
results for Rg are shown in Table 4.

As demonstrated by Figure 8, the concentration de-
pendence of the 64 arm star form factor behaves quali-
tatively different. Here the initial part of P(Q) is plotted
in a Guinier representation. Independent of ¢, P(&)
displays a uniform slope at @R < 1. The curves start to
diverge only at higher @. Apparently, the changes in P(Q)
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PB12807 (from bottom curve) in a double logarithmic repre-
sentation. Data are scaled by the polymer volume, Vy, and by
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(Zimm results corrected according to Ullman).
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Figure 6. (A, top) Form factors of 32 arm stars with different
molecular weights. From bottom: PB3237, PB3220, PB3210,
and PB3205. (B, bottom) Self-similarity of the 32 arm stars
demonstrated by scaling with the radius of gyration, Rg, and the
number of monomers per arm, N.

are not due to a total shrinkage of the molecule but must
originate from structural changes at a smaller scale without
affecting the overall dimensions. Consequently, the
evaluation of the radii of gyration by the Zimm method
yields constant values over the whole concentration range
(see Table 4). We note that a comparison between the
form factor of the 1% solution of the zero average contrast
experiment and the ¢ = 0 extrapolated form factor of the
experiment under standard conditions reveals a good
agreement of the shape of P(§). However, deviations in
the intensity were obtained, which might be due to errors
in absolute normalization in the zero average contrast
experiment. For the 18 arm star the form factor of the
zero average contrast experiment differs by a factor of
1.31 from the form factor at ¢ = 0, while in the case of the
64 arm star the intensity is lower by a factor of 0.79. These
deviations can be caused by small differences in molecular
volume between the two isotopic polymer species and by
small errors in contrast.
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factors from the zero average contrast experiment for some
representative concentrations: (lower dashed line) ¢ = 1.06%;
(point dashed line) ¢ = 10%; (solid line) ¢ = 19.7%; (upper
dashed line) ¢ = 29.8%. Vw in ¢cm?® mol-L.

Table 4. Radii of Gyration as a Function of Concentration

PI18/PI18D PB6407/PB6407D

) Rg®/A ) Rgb/A
1.10 76.7 1.06 98.4
2.45 76.1 2.61 98.4
5.00 75.5 5.28 101.3
7.61 74.4 7.70 102.9
10.00 78.1 10.25 101.8
14.85 70.1 13.40 102.4
19.70 67.5 18.50 102.1
24.90 65.2 22.00 101.6
30.17 63.9 29.80 105.5

¢ Radii of gyration were obtained from scaling the form factors at
different concntrations onto a master curve. ? By Zimm analysis.

4. Discussion

4.1. Scaling Analysis. Theradii of gyration evaluated
from the form factors of the stars provide the opportunity
to test scaling laws given by the Daoud—Cotton model.20
The model divides the star into three different regions:
the swollen region, the unswollen region, and the core. For
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Figure 10. Double logarithmic plot of Rg vs N for 32 arm stars.
The radius of gyration of the highest molecular weight star (N
= 1659; Rg = 375 A) in this plot was taken from ref 14. The solid
line displays the expected scaling behavior in good solvents (v =
0.588).

the case of long arms the swollen regime dominates,
resulting in the following R dependence on f and N:

RG2 ~ N’Qvfl—u (17)

where v denotes the Flory exponent. First we analyze the
radii of gyration with respect to the predicted functionality
dependence. For this purpose we used the Rg values from
the largest stars investigated, taking the Ullman corrected
data where available. We note that results are rather
sensitive to small uncertainties in Rg. Figure 9 shows a
plot of Rg? divided by N2 as a function of f*-*. Since the
characteristic ratios of PI and PB are similar, the data can
be compared directly, if we assume that the excluded
volume parameters are the same for PI and PB in
methylcyclohexane which is regarded as an athermal
solvent for both types of polymers. In the diagram the
solid line represents the expected scaling behavior for 1
- » = 0.41. It can be seen that in the case of the high
functionality stars the predicted scaling is rather well
verified, while larger deviations are found for the 8 and
18 arm stars. Partly, this disagreement may arise from
the comparison of two different types of polymers. On
the other hand deviations for stars with low functionalities
were already observed by MD simulation.?® It was related
to crossover effects between the scaling of linear polymers
(f = 1, 2) and star polymers (f >> 1). Our result fits weil
to the findings of Roovers et al.!® for higher molecular
weight stars. They determined radii of gyration by light
scattering in cyclohexane.

In order to determine the N dependence of the radius
of gyration at constant f, we plot Rg versus N for the 32
arm star series shown in Figure 10. Radii of gyration for
the stars PB3220 and PB3237 were taken from the analysis
of the Kratky maximum, which was shown to be an
accurate method for the determination of Rg of the stars.
The plot agrees well with the expected scaling of swollen
polymer which is displayed by a solid line of slope v =
0.588.
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Figure 11. Doublelogarithmic representation of the step height,
P(0)/P(f'/2), as a function of f. Thesolid line displays the expected
scaling behavior proportional to f3/2,
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Figure 12. Form factors of stars PI8, PI18, P13205, PB6407,
and PB12807 (from bottom curve) offset by a multiplicative
constant. Arrows indicate the onset of the asymptotic regime
according to @Rg ~ f1/2. Solid lines represent fits with eq 22.

Another scaling property is the intensity drop between
P(Q = 0) and P(Q = £&(Rg)™), as seen in Figure 5, where
£(Rg) is the outer blob size and P(Q = £(R)™!) denotes the
onset of the asymptotic regime. Following the consider-
ations of Richter et al.,” one can express the intensity at
Q = £(Rg)! as npl(¢/0)1/¥]2, representing the incoherent
superposition of the coherent scattering from within the
blobs. n, ~ (Rg/£)3is the number of blobs and (§/)!/* the
number of segments per blob with o the segment length.
At € = 0 the scattering intensity of the whole star can be
written as [ny,(£/06)1/¥]12, since all contributions add coher-
ently. Taking into account that § ~ Rgf'/? these
considerations result in the following power law:

[RyD* @™

(18
(Re/ &%/ 0V )
In order to test this scaling behavior the ratio P(0)/ P(QRg
= f1/2) was determined (values see Table 2) and plotted
versus f, as displayed in Figure 11. The f3/2 scaling of the
step height is well confirmed for large f, while deviations
are visible for low functionalities. Itshould be mentioned
that QR = f1/2 is not identical with the position of the
break in the form factors at high @. This is shown in
Figure 12, where the positions of f1/2 are indicated by
arrows. In particular in the case of the f = 8 arm star it
is obvious that P(Q) has not yet developed the typical star
profile, rendering the high f scaling law inapplicable.
4.2, Form Factors at Zero Concentration, In the
present section the full @ dependence of the form factor
will be considered. Schematically, three different scaling
regimes come into question: The Guinier regime at QR¢
< 1, the asymptotic regime at Qf(Rg) > 1, and the
intermediate regime. For @ < Rg! the total scattering of
one star is given by P(Q) = 1 — Q2Rg?/3. For distances
smaller than the blob size, @ > £(Rg)-!, the scattering is
determined by correlations of the excluded volume type
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Figure 13, Form factors of the 128 arm star and a hard sphere
calculated by eq 19. The radius of the sphere was taken as (5/
3)Y2RG ar- The arrow marks the secondary maximum present

in the star data.

which implies a @'/* dependence of P(]). Because of the
limited number of data points in the appropriate @ range
the results obtained for » are relatively uncertain. How-
ever, power law fits at high Q clearly yield higher values
for v than theoretically expected (values see Table 2). This
finding is in good agreement with former SANS experi-
ments®’ and the MD simulation.?® It was associated with
a stretched configuration of the chains in star polymers.

In order to connect the scaling regimes at low and high
@ the intensity has to drop in the intermediate @ range
between [(Rg/£)3(¢/0)1/*)2 and (Rg/£)3(&/)2/*. It can be
seen from Figure 12 that the descent proceeds in a rather
small @ range and becomes steeper with growing func-
tionality. In the limit of a very high arm number the form
factor of a star should approach that of a sphere.

Figure 13 shows the form factor of the 128 arm star
together with P(Q) of a sphere. The sphere form factor
was calculated according to

P@ = (%(sin U-Ucos u))2 19)
v

where v = QR, R was taken as (5/3)1/2Rg s, A typical
feature of the hard sphere form factor is the @4-Porod
envelope for sharp interfaces. A comparison between star
and sphere form factors shows that P(Q) of the star
envelopes the sphere form factor, covering about two of
its oscillations before the scattering is dominated by the
scattering from inside the blobs. Obviously, an interme-
diate power law decay is not exhibited, and consequently,
one cannot draw conclusions about a star surface. On the
other hand the form factors of the 64 and 128 arm stars
exhibit a shallow peak in the asymptotic range. The
position of this peak coincides with the position of the
third oscillation of the sphere form factor, as marked by
an arrow in Figure 13. Thus the stars assume more and
more a spherical shape with a relatively sharp density
cutoff at the periphery of the star.

Now we compare our results with the form factors from
the MD simulation of Grest et al.22 They present their
results in terms of Qo, where ¢ is the segment length.
Therefore, in order to compare, we have scaled our data
accordingly, estimating the segment length from ¢ =
61/2Rg/(nN)’ (n = 3.86: number of main chain bonds per
monomer). The intensity was adjusted using a constant
shift factor for all scattering curves such that a comparison
between simulated and measured stars of a similar number
of arms becomes possible. The resulting plot is shown in
Figure 14. In general we obtain good agreement, though
in detail some deviations appear. The simulated form
factor at f = 10 stretches out to larger @ values before it
breaks to the asymptotic regime. This behavior tends to
change with increasing f where the simulated data decay
slightly more rapidly than the experimental results.
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Figure 14. Form factors of stars P18, PI18, PB3205, and PB6407
(from bottom curve) scaled by a factor such that they match
simulated stars (solid lines) with 10, 20, 30, and 50 arms each
containing 50 segments. @ was scaled by the segment length, o,
as pointed out in the text.

Furthermore, the secondary maximum seems to be more
pronounced in the simulation than in the experiment.
Seemingly, for large f the simulated stars assume a more
developed sphere conformation. This may be due to the
fact that the simulated stars consist of rather short arms
(N = 50). For this case a considerable stretching of the
arms is present (v = 0.65), which implies a sharper density
cutoff at the periphery of the star. Apparently, the
scattering profile of larger stars is smeared by a more fuzzy
edge.

Inorder toarrive at an approximation for the form factor
of a star polymer, we consider that a star is governed by
two different length scales: the overall size Rg and the
correlation length or blob size £, where the granular
polymer structure becomes important. At length scales
r ~ Rgthestaris described by its average monomer density
distribution p(r), while at scales r < £the correlations within
asingle chain inagood solvent dominate. Thus, the overall
pair correlation function may be written as

G = {Nf oot =r) &' r~Rg

~ U—l/url/v—3 r< E

(20)

Recently, Dozier et al.? presented an approximation to eq
20. In order to assure the correct behavior in the Guinier
regime, they described the long range correlations by a
Gaussian, giving rise to the proper radius of gyration. The
polymer type short range correlations were taken into
account by the correlation function of a swollen chain (eq
20), including a cutoff function exp(-r/§), where £ is an
average blob size. Since both contributions exhibit their
decay on well separated length scales, the total correlation
function was written as a sum of both

3 2 1/v
G(r)=c, (RLG) exp(— fTrGZ) +c, exp(—r/f)(i) ::1)

Thereby, ¢; and c; are numerical constants. Fourier
transformation leads to the scattering function

o sinlu tan™(@9)]

Q¢ 2u/2
1+ Q8" 22)

where Vi = vpNf,u=1/v-1,and o ~ vp(§/0)/* ~ vpNF1/2,
Note that according to eq 22 again the ratio of the forward
and the blob scattering obeys the f/2law (eq 18). Equation
22 was fitted to the measured form factors by varying Vw,
a, Rg, and £. v was set to 3/5. Using this v, we obtained
the best fits. This might be an indication that the power
law with » = 0.67 may be partly due to coherency effects
arising from the superposition of scattering of different

ZR 2
VyP(@) = Vy exp(— QTG) +
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Table 5. Fit Parameters® Obtained by Equation 22

sample 103Vw/em8 mol!  Rg/A A o/em® mol-!
PI8 56 62 44 1217
PI18 128 68 30 695
PB3205 145 66 28 377
PB3210 235 91 35 703
PB3220 505 140 61 1580
PB3237 923 199 102 2830
PB6407 366 85 31 444
PB6415 722 113 45 849
PB12807 655 97 27 335
®y was taken as %/;.
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Figure 15. Plot of the intensity parameter af1/2 (eq 22, Table
5) vs N. The solid line displays the expected linear behavior.
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Figure 16. Plot of the fit parameter (eq 22) Vi as a function
of Nf. The solid line presents the required linear relationship.

blobs. In order not to be influenced by the secondary
maximum in the experimental form factor which is not
contained in eq 22, data points in the neighborhood of this
feature were not considered. The fits are displayed as
solid lines in Figure 12. Results for Vw, Rg, £, and a are
listed in Table 5. Figure 15 investigates the dependence
of a on N. For this purpose af!/? is displayed against N.
The intensity parameter o was corrected with regard to
the differences in monomer volume between PI and PB.
The plot reveals that the scaling requirement is rather
well verified. Figure 16 presents a consistency check with
respectto Vy, the star volume. Asrequired, the fitted Vi
increases linearly with Nf. Finally, Figure 17 displays the
correlation between Rg and ¢£&. The plot of Rg/£ as a
function of f1/2reveals only fair agreement with the scaling
prediction. Though good descriptions of the scattering
curves are obtained, eq 22 is based on an average blob size
and does not consider a blob size increasing with the
distance from the star center.

Figure 18 shows a generalized Kratky representation of
the 18 arm star form factor. The data are fitted by the
Benoit function (eq 15). The peak is well described by the
fit, but as expected, significant deviations occur at higher
@. Here the theoretical curve decreases continuously and
does not flow into the characteristic §-°/3 plateau since it
does not take into account self-avoiding walk statistics.
The dashed line in Figure 18 represents a fit of an

Macromolecules, Vol. 27, No. 14, 1994

0 AL It ‘ I S ’ il
0 5 10 15

12

f
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presents the Daoud-Cotton prediction.
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Figure 18. Generalized Kratky representation of the 18 arm
star form factor. The solid line represents a fit with eq 15
(Gaussian star model); the dashed line, a fit of the swollen star
model of Alessandrini and Carignano. For the fitting procedure
the data in the asymptotic regime were taken out.

expression given by Alessandrini and Carignano:!8
Pu)=fWl+ A -1+ Ay + 4% 23)

Thisformula represents a best nonlinear fit of an equation
derived by renormalization group techniques, which was
developed for stars in order to incorporate the excluded
volume effects of monomers in a good solvent. In eq 23
y = 8/4(f/(3f - 2))@*R? and f(y) is the Benoit function (eq
15) with variabley. Ay, ..., Aqarefdependent parameters.
For f =18, A; = 1.1, A; = 0.41, A3 = 0.015, and 4, = -2
X 10-5, A comparison with the experimental data reveals
an increasing deviation at @ > Qnax. The intensity of the
theoretical curve decreases more rapidly and, thereby,
overestimates the step between the peak maximum and
the high Q plateau. Here the Q%% behavior is well
represented. However, the results show that both theories
are limited in describing the experimental star form factors.
4.3. Concentration Dependence of the Form Fac-
tors. According to Daoud and Cotton?® a semidilute
solution of star polymers resembles that of linear polymers
containing small islands of star centers. For concentrations
much higher than the overlap concentration ¢*, the star
centers are small and the ¢ dependence for linear
polymers® is expected also to hold for stars:

Rg ~ aNY(p/ %)~ @-D/2@-D) 24

yielding Rg ~ oNY/2(¢/¢*)-1/8 for » = 3/5. For concentra-
tions close to the overlap concentration star centers are
extended and the behavior is dominated by single stars.
In this case the model yields a ¢3/4 dependence of the
radius of gyration. In order to demonstrate the influence
of the concentration on the star size we have plotted Rg
of the 18 arm star as a function of ¢ in Figure 19. While
the star size is constant up to a concentration of ¢ = 10%,
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Figure 19. Double logarithmic plot of the radius of gyration
versus concentration of the 18 arm star. The solid line displays
the concentration behavior of linear polymer chains in a
semidilute solution. The overlap concentration of this star was
determined to be 10%.12

which is known to be the overlap concentration,!? a
shrinkage of the star is observed at higher ¢. In accord
with the scaling behavior for linear polymers we have
obtained a slope of -0.125 in the semidilute range.
However, the plot does not reveal any sign of the ¢-3/¢
dependence.

5. Conclusion

In this paper we have presented a comprehensive study
on single star form factors as a function of molecular weight,
functionality, and concentration by SANS in a good
solvent. Sinceinterparticle effects cannot be ignored, the
form factors were determined by extrapolating scattered
intensities to zero concentration. The configurational
properties of the stars were found to be in good agreement
with the Daoud-Cotton scaling predictions. Furthermore,
we have shown that the zero average contrast experiment
is a convenient technique to measure the concentration
dependence of P(§). Thereby, a shrinkage of an 18 arm
star was observed in semidilute solution to follow a scaling
law consistent with that of linear polymers.

A prevailing signature of the star form factors is the
intensity drop from the low @ plateau to the high @ power
law regime which increases with increasing functionality.
On the basis of considerations on the coherent and
incoherent superposition of blob scattering, the intensity
drop should follow an f2/2 law which could be verified by
the experiments. On a series of 32 arm stars we demon-
strated that the arm length does not influence the shape
of P(@). Another important observation concerns the
tendency toward more spherelike form factors if the
functionality increases. Though not as pronounced as in
computer simulations for the 64 and 128 arm stars, we
found clear evidence for a secondary maximum in the form
factor resembling the third oscillation of the corresponding
sphere form factor.

Finally, we discussed the measured form factors in terms
of an approximative analytic form factor for Daoud—Cotton
stars. Not only do we obtain a quantitative description
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of the measured intensity patterns, but also the appropriate
scaling relations are fulfilled by the model parameters.
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