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Ordering phenomena of star polymer solutions approaching theQ state
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The liquid-state ordering phenomena of a semidilute polybutadiene 64-arm star polymer solution were
investigated by small-angle neutron scattering. For this purpose, we used deuterated 1,4-dioxane, which is aQ
solvent for the star at 31.5 °C. Its quality was modified by varying the temperature in the range between 40 °C
and 80 °C. Besides a swelling of the star, with increasing temperature the development of a strong correlation
peak was observed in the experiment. The experimental data were described theoretically by employing an
effective pair potential between stars which was introduced earlier by Mewiset al. @J. Mewis, W. J. Frith, T.
A. Strivens, and W. B. Russel, AIChE J.35, 415 ~1989!#. @S1063-651X~98!13611-5#

PACS number~s!: 61.25.Hq, 61.12.2q, 61.20.Gy, 82.70.Dd
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I. INTRODUCTION

Star polymers consist off polymeric arms attached to
common center, which is negligibly small in comparison
the overall size of the molecule@1#. Because of their peculia
architecture, they can be viewed as hybrids between p
mers and colloidal particles. Therefore an investigation
their static and dynamical properties is of great interest,
perimentally as well as theoretically, as they provide a brid
between these two areas of condensed matter physics. F
the experimental point of view, some of the relevant qu
tions are the effect of the arm number~functionality! f , the
degree of polymerizationN, and the quality of the solvent o
the properties of a single star and, more importantly, on
structure and ordering of concentrated solutions of star p
mers.

For the theorist, the goal is to describe the solution
employing an effective interaction~preferably on the pair
level! between the centers of the stars, which results, in p
ciple, after the solvent as well as the polymeric degrees
freedom have been canonically traced out, thus leaving
star centers as the only remaining degrees of freed
~‘‘point particles’’! in the system. If that goal is achieve
then the whole machinery from liquid-state theory and st
dard statistical mechanics can be employed to describe q
titatively the structure and thermodynamics of the star so
tions, including possible phase transformations. It
expected that the form of such a pair interaction will depe
on the parameters mentioned above, i.e.,f , N, and solvent
quality.

In previous work@2# we studied a solution of 18-arm sta
in a good solvent for a wide range of polymer concentrat
~or star density!. By way of direct comparison with experi
mental data, it was demonstrated that stars in a good sol
can be quantitatively described if one employs an effec
interaction consisting of a logarithmic term for short sepa
tions, as proposed by Witten and Pincus@3#, combined with
a Yukawa tail for larger distances. In order to investigate
effect of the quality of the solvent on the ordering of t
PRE 581063-651X/98/58~5!/6299~9!/$15.00
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stars, we now turn our attention to a semidilute solution
64-arm stars in the vicinity of theQ temperature. Again, by
comparing with experiment, we find that a different pair p
tential has to be employed now, in particular the one wh
results from a Derjaguin approximation on the correspond
interaction between flat plates grafted with polymers in
solvent which induces weak excluded volume interactio
The latter was calculated earlier by Milneret al. @4#.

The paper is organized as follows. In Sec. II we pres
details on the synthesis, preparation, and experimental
cedure employed for the study of the stars and in Sec. III
results of the experiment. In Sec. IV we explain the theor
ical approach and compare with the experimental results.
nally, in Sec. V we summarize and conclude.

II. EXPERIMENT

A. Synthesis and characterization of the star polymers

The star polymer under investigation was built of pol
butadiene and contained 64 arms. The detailed synthes
described elsewhere@5#. In a first step, a narrow molecula
weight living polybutadiene was prepared using anionic p
lymerization techniques ands-BuLi as initiator. A small
fraction of the polymer was removed and terminated w
methanol. It was used as a reference material for the de
mination of the number of arms per star. The living polyd
ene was reacted with a 64-functional chlorosilane compo
and the resulting star was fractionated extensively in
toluene-methanol mixture in order to remove excess arm
terial. All polymer solutions were protected against oxid
tion, degradation, and cross linking by 4-methyl-2,6-d
tert-butylphenol. The weight-average molecular weight
the star was determined by low-angle laser light scatter
~LALLS ! @6# to be 725 000 g/mol, the number-average m
lecular weight of the arm was 12 100 g/mol, yielding a nu
ber of arms per star of 60 and a degree of polymerization
arm N05168. The investigation by size exclusion chrom
tography~SEC! yielded a narrow distribution of molecula
6299 © 1998 The American Physical Society
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6300 PRE 58C. N. LIKOS et al.
weights, MW /Mn51.01, whereMW is the weight-average
molecular weight andMn the number-average molecula
weight.

B. Sample preparation

For all solutions, fully deuterated 1,4-dioxane served a
solvent. For the measurements, solutions of two differ
concentration regimes were prepared. First, a dilution se
of three dilute solutions was mixed in order to determine
form factor of the star. Thereby, star volume fractions
0.0032, 0.0080, and 0.0127 were chosen. Additionally, a
lution was prepared in order to investigate the ordering p
nomena. Its volume fraction was 0.104, which is close to
overlap concentration. The value for the overlap concen
tion was estimated in advance using previous results@6#.

The stock solution for the dilution series was generated
mixing the polymer and the solvent first and afterwards he
ing the mixture to 40 °C. Thereby, the polymer was d
solved completely. Turbidity measurements yielded aQ tem-
perature of 31.5 °C for this solvent. Therefore the dilution
the stock solution was performed in a heat bath at 40 °C

Because of the expected high viscosity of the semidil
star polymer solution, the sample preparation was perform
in two steps. First, a solution of the polymer in benzene w
filled in a sample cell. Then, the solvent was removed
freeze-drying and, in a second step, an appropriate volum
1,4 dioxane was added. The dissolution of the polymer w
achieved by heating up to 40 °C. The sample cells w
equipped with special seals and evaporated in order to a
solvent losses during heating.

C. Small-angle neutron scattering„SANS…

The SANS experiments were performed at five differe
temperatures, 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. T
accuracy of the temperature was 1 °C. Neglecting interp
ticle scattering contributions, the coherent macroscopic s
tering cross section is of the general form

dS

dV
~Q!5

Dr2

NA
fVWP~Q!, ~2.1!

whereVW denotes the weight-average molar volume of
polymer,f the volume fraction of the star,Dr2 is the con-
trast factor between the solvent and the star,P(Q) denotes
the normalized form factor, andNA the Avogadro number
The contrast factorDr2 was calculated from the scatterin
length densitiesr i by Dr5rsolvent2rstar, wherersolventrefers
to the scattering length density of the solvent andrstar to that
of the star polymer. The scattering length densities were
tained using the equation

r i5
(bz

v i
, ~2.2!

wherebz is the coherent scattering length of an individu
atom z of the solvent molecule or the repeat unit of t
polymer andv i are the respective volumes. In order to a
count for the temperature dependence of the density and
v i of these compounds, the following relations were tak
from the literature@7,8#:
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rdioxane5rdioxane
0 exp@28.5310243~T2T0!#, ~2.3!

with T0525 °C andrdioxane
0 51.13 g/cm3. For polybutadiene,

the density exhibits a temperature dependence of

rPB5rPB
0 exp@27.5310243~T2T0!#, ~2.4!

with T0525 °C andrPB
0 50.90 g/cm3. Besides the scattering

length density, also the volume fractions were corrected
the change of the density with temperature.

The SANS experiments were carried out with the D
diffractometer at the Institute Laue-Langevin in Grenob
The solutions were studied in 2 mm quartz sample ce
yielding transmissions in the range between 0.6 and 0
Using a wavelength of 11.7 Å at a sample detector dista
of 2.8 m, aQ range of 0.013 Å-1<Q<0.13 Å-1 was cov-
ered. The raw data were corrected for different detector
efficiencies and calibrated to absolute units by using wate
a secondary standard@9# according to

dS

dV
~Q!5

LShSTSMSI m~Q!

LhTMIm
S~0!

S dS~0!

dV D S

. ~2.5!

Here S refers to the standard,M denotes the total monito
counts,h the sample thickness,L the sample to detecto
distance, andT the transmission.I m(Q) is the scattered in-
tensity andI m

S(0) the measured intensity of the standard
Q50. The value of (dS(0)/dV)S for the water standard wa
calibrated with vanadium to be 0.99 cm21. Finally, the co-
herent differential cross section was obtained by subtrac
the scattering contribution of the solvent as well as the in
herent contribution of the polymer.

III. RESULTS

A. Dilute solutions

The coherent differential cross sections were normali
to the polymer volume fraction and multiplied with the fact
NA /Dr2. At low Q, the concentration-scaled scatterin
curves reveal differences due to intermolecular contributio
In order to eliminate such effects, the data were extrapola
to infinite dilution, applying the Berry-extrapolation metho
@10#. Due to the limitedQ range the usual Zimm extrapola
tion could not be employed meaningfully. In the limitf
→0 the cross section reveals the single star form fac
P(Q):

NA

Dr2

1

f

dS

dV
~Q,f→0!5VWP~Q!. ~3.1!

From the extrapolation at lowQ the second virial coeffi-
cient A2 and the radius of gyrationRG are obtained. The
molecular volume was kept as a fixed parameter, since it
determined separately by static light scattering. It var
slowly following the temperature dependence of the den
given by Eq.~2.4!. Table I presents the results for the tem
peratures under investigation. In Fig. 1A2 is shown as a
function of temperature. Extrapolating the two points at t
lowest temperatures by a straight line, theQ temperatureTQ

is determined to 31 °C. In accordance with this result, t
bidity measurements revealedTQ531.5 °C.
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PRE 58 6301ORDERING PHENOMENA OF STAR POLYMER . . .
In Fig. 2 we show the temperature-dependent swelling
the radius of gyration on a double logarithmic scale. In or
to prove the scaling behavior of the stars, the data of
highest four temperatures were described by a straight
with the slope of 1/8. The value of 1/8 originates from t
scaling laws proposed by Daoud and Jannink@11# for solu-
tions of linear polymers. In this model the scaling behav
of polymer solutions depends on the reduced temperatut
5(T2TQ)/TQ and the polymer volume fractionf. Thereby,
T and TQ denote the absolute temperature and theQ tem-
perature in degrees Kelvin. Close to theQ temperature, the
radius of gyration is predicted to be independent oft, while
at higher temperatures and in the case of semidilute s
tions, it should scale as

RG;t1/8. ~3.2!

The assumption of a semidilute solution is justified, since
density of the chains in the star is rather high and thus
sembles a semidilute solution of linear chains. The excel
agreement with the experimental data supports the validit
the theory. For the lowest temperature, we guess that
t-independent scaling regime is reached.

At higher Q the particularities of the form factorP(Q)
come into play. In order to parametrizeP(Q) over a largeQ
range we invoked the scattering cross section from po
meric mass fractals, developed by Beaucage@12,13#. In the
simplest case, this form factor contains two contributions

FIG. 1. Second virial coefficients plotted vs the inverse tempe
ture. The solid line represents a linear fit to the data points of
lowest temperature. Thereby, aQ temperature of 31 °C was ob
tained.

TABLE I. Results of the Berry extrapolation.

T ~°C! A2 (1024 ml mol g22) RG ~Å! VW (103 cm3 mol21)

40 0.1660.04 11468 819
50 0.3260.07 12468 821
60 0.3760.09 13269 827
70 0.4060.09 13669 833
80 0.4460.09 14169 839
f
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VWP~Q!5VWexp~2Q2RG
2 /3!1BS @erf~1.06QRG /A6!#3

Q D df

[G~Q!1F~Q!. ~3.3!

The first term,G(Q), contributes in the lowQ range and
describes the overall size of the object. It is written in t
form of a Guinier function. The second,F(Q), is substantial
at highQ values and reflects the short range, i.e., monom
correlations. In Eq.~3.3!, VW denotes the weight-averag
molecular volume,RG the radius of gyration, anddf the
dimension of the polymeric mass fractal. The quantityB is
the prefactor of the power law term. It is defined according
the regime in which the exponentdf falls and reads@12,13#

B5S VWdf

RG
df DGS df

2 D , ~3.4!

whereG denotes the gamma function. Thus, using Eq.~3.4!,
the expression for the form factor is constrained and o
three unknowns, i.e.,VW , RG , anddf , remain as fit param-
eters. Since our interest in this context is to describe
experimental form factor as accurately as possible by a
oretical expression, the parametersdf , RG , and B were
treated as adjustable. AlsoVW was an adjustable parameter
40 °C. At higher temperature its value was adjusted follo
ing the density change according to Eq.~2.4!. Instrumental
resolution effects were taken into account by a Gaussian-
resolution function@14#, given by

R~Q,Q0!5
1

A2pDQ
expF2

1

2

~Q2Q0!2

~DQ!2 G , ~3.5!

where Q0 is the considered scattering vector, (DQ)2

5(2pDu/l)21(Q0Dl/l)2, with Du54.631023 being the
uncertainty in the scattering angle andDl/l50.051 the rela-
tive uncertainty of the wavelength. For the fit, the resoluti
function was convoluted with the theoretical form facto
The results of these fits are shown in Fig. 3 and listed
Table II. Excellent agreement between experiment and

-
e

FIG. 2. Double logarithmic plot of the radius of gyrationRG of
the stars against the reduced temperaturet5(T2TQ)/TQ , whereT
is the absolute temperature. The straight line has slope 1/8.
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6302 PRE 58C. N. LIKOS et al.
functional form of Eq.~3.3! is obtained for all temperature
under investigation. We note that the description with
Beaucage formalism was undertaken in order to obtai
good parametrization of the data. Table II shows t
thereby, e.g., the molecular volumes come out too low
well as the radii of gyration come out lower than in th
model-independent Berry extrapolation and the lig
scattering data. This fact points to deficiencies of the Be
cage formula which if compared with analytical star for
factors like the one by Benoit for Gaussian stars@15# dis-
plays discrepancies already in the first correction to
Guinier approximation. For the purpose of accurate para
etrization this is of no significance. In order to show t
effect of star swelling the experimental form factors at 40
and 80 °C are compared in Fig. 4.

B. At the overlap concentration

While the data from the dilute solutions are dominated
the single star form factor, close to the overlap concentra
the interstar structure factorS(Q) strongly influences the
scattering behavior. In this concentration range the abso
cross section for the nearly monodisperse stars is appr
mated by

dS

dV
~Q!5

Dr2

NA
f@G~Q!S~Q!1F~Q!#. ~3.6!

FIG. 3. Form factors of the star at 40 °C, 50 °C, 60 °C, 70 °
and 80 °C. The solid lines represent the fits according to the Be
cage model. For the sake of clarity the data were multiplied
constants: 50 °C:5, 60 °C:50, 70 °C:500, 80 °C:5000.

TABLE II. Results of the Beaucage fits.

T ~°C! RG ~Å!
VW

~103 cm3 mol21)
B

(1015 cm32df mol21) df

40 91 707 7.51 1.83
50 95 712 0.84 1.71
60 98 717 0.28 1.63
70 101 723 0.12 1.58
80 103 728 0.08 1.56
e
a
t
s
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e
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n
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xi-

This factorization ansatz considers the two contributions
the form factor in a qualitatively different way.~i! G(Q),
describing the overall shape, is an approximation to the ov
all density of the star. Scattering from different stars is a
to interfere—thereforeG(Q) is associated withS(Q). ~ii !
F(Q) originates from local correlations and can be cons
ered as diffuse scattering. Such regions of diffuse scatte
are uncorrelated as in the case of incoherent scattering
terferences do not take place. ThereforeF(Q) is not modi-
fied by S(Q). The shape of the stars was determined in
lute solution. Here we assume that it does not change w
concentration. Experimentally@16# it has been shown for 64
arm stars in a good solvent that no deformation occurs i
regime up to the overlap concentration. The overlap conc
tration is the concentration at which the stars begin to in
penetrate each other. It is given by

f* 53VW~4pRG
3 NA!21. ~3.7!

In order to prove the validity of Eq.~3.6!, the values for the
overlap concentration were calculated for all temperatu
under investigation employing the results of SANS~Table II!
for RG . Values of 0.14 at 80 °C up to 0.22 at 40 °C we
found. The decrease off* with increasing temperature i
due to the swelling of the star, but this effect is not stro
enough to affect the assumption made in Eq.~3.6!. Thus Eq.
~3.6! is a valid approximation for the temperature range co
ered in the experiment. The scattering data from
f50.104 solutions will be discussed in the following se
tion, in conjunction with the theoretical fits. The experime
finds an increasing ordering of the stars as we move a
from Q temperature, as witnessed by a lowering of the
motic compressibility and the development of a strong pe
in the scattering intensity at some finite value of the scat
ing vector. Therefore a theoretical approach is called
which will be able to describe quantitatively the structu
characteristics of the solution, by employing an effective p
interaction between the stars. The theory and the compar
with the experiment are described in the following sectio

,
u-
y

FIG. 4. The form factors at 40 °C and 80 °C. The decrease
intensity at differentQ values is due to the swelling of the stars.
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IV. THEORY: A COLLOIDAL APPROACH

In previous work@2# we employed a combination of th
Witten-Pincus logarithmic pair potential@3# and a Yukawa
form in order to describe the properties of stars in a go
solvent. Here, we are dealing with stars in a solvent wh
induces weak excluded-volume interactions. For this sit
tion, Milner et al. have developed a self-consistent fie
~SCF! approach in order to describe the density profile a
free energy of polymers grafted on flat plates@4#. Moreover,
the free energy cost~effective interaction! between two such
plates being brought close to each other at distances sm
than twice the equilibrium brush extension has been ca
lated in the same work. Subsequently, Mewiset al. extended
the approach to spherical particles coated with polymer
employing the Derjaguin approximation@17#, and Genzet al.
used this pair interaction to investigate the applicability
hard-sphere equations of state to polymerically stabili
colloidal suspensions@18#. Here, we will use the pair poten
tial developed by Mewiset al. to describe the neutron
scattering data for stars in the vicinity of theQ point.

Our starting point is the effective pair interaction betwe
e
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flat platesper unit areaof the plates,bFFP (b[1/kBT), as
a function of the interplate separationh which reads as@4#

bFFP~h!5
p2

24

L2s

Nl2 F2L

h
2

9

5
1S h

2L D 2

2
1

5 S h

2L D 5G ,
~4.1!

involving the monomer lengthl , the number of monomers
per chainN, the isolated polymer layer thicknessL, and the
surface grafting densitys. The above expression is valid fo
h,2L; for larger distancesbFFP(h) vanishes.

Let us now assume that such polymeric brushes
grafted on rigid particles having radiusa. If two such par-
ticles are brought within a center-to-center distancer , the
distance between the grafting surfaces ish5r 22a. In the
Derjaguin approximation@17,18# the pair potential between
two such entities is given by

bV~h!5paE
h

2L

bFFP~D !dD, ~4.2!

which gives, using Eq.~4.1!,
bV~r !5H `, r ,2a

U0F2 ln y2
9

5
~12y!1

1

3
~12y3!2

1

30
~12y6!G , 2a,r ,2~a1L !

0, 2~a1L !,r

~4.3!
e,

the
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wherey5(r 22a)/(2L) and the prefactorU0 is given by

U05
p3

12

L3as

Nl2
5

p2L3f

48Nl2a
, ~4.4!

with f denoting the functionality of the stars, i.e., the numb
of chains attached to the surface. Here,f 564.

Since the SCF considerations which lead to the pair in
action given by Eq.~4.3! are valid for stretched chains wit
weak self-avoidance@4#, the above potential is a natural ca
didate for a colloidal description of stars in the vicinity of th
Q point. According to the ‘‘blob’’ picture of Daoud and
Cotton@19#, a star consists of three regions: an inner ‘‘core
where the polymer concentration reaches the value unity
the chains are completely stretched; an intermediate ‘‘
swollen’’ region where the behavior of the chains within t
blobs is Gaussian; and an outer, ‘‘swollen’’ region where
chains show self-avoiding behavior within the blobs. In t
vicinity of the Q point, the outer, swollen region disappea
and the chains are locally Gaussian but globally stretch
i.e., the radius of gyration of the whole star behaves asRG
' lN1/2f 1/4, and the additionalf 1/4 factor expresses th
stretching of the chains@1,19#. If the chains are short enoug
so that the stars reduce to their central cores, they n
allow any overlap@19#. Hence, it is natural to identify the
core of the star with a rigid particle on whichf polymeric
chains are attached. Then, the parametera in Eqs.~4.3!, ~4.4!
above can be identified with the core radius. According
r

r-

’
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e

d,

er

o

the scaling picture@19#, the number of monomers in the cor
Nc , behaves asNc;Af and hencea; lAf , since in the core
the chains are completely stretched.

Let us now discuss in some detail the determination of
parameters entering the pair potential~4.3!, which follows
entirely from experimentally measured quantities. The len
of a monomer isl 055 Å and f 564. Thusa;40 Å. Notice
that we differentiate betweenl 0 , the length of a monome
and the parameterl entering in Eq.~4.4!. Since the mono-
mers are not really orientationally uncorrelated with one
other, the latter should not be the ‘‘bare’’ monomer leng
but it should rather be identified with the persistence len
of the isolated chain@20#. Accordingly, we model the chain
as Kratky-Porod sequences@20# of monomers. The chemica
bonding of polybutadiene is such that each monomer form
tetrahedral angleg5109.47° with the next one in the chain
thus the acute angle isa5180°2g570.53°51.23 rad. The
persistence length is then@20#

l p[ l 5
2l 0

a2 56.6 Å. ~4.5!

In addition, the number of monomersN in Eq. ~4.3! is, for
the same reasons, not the bare number of monomers ou
the core,N02Nc , but rather a reduced number of orient
tionally independent subunits resulting from regrouping
the original segments. Forming groups of two monom
brings us already significantly beyond the persistence len
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6304 PRE 58C. N. LIKOS et al.
thus we chooseN5(N02Nc)/2580. Finally, we have to
determineL, the extent of the polymeric brush beyond t
core. Clearly, ifR0 is the corona radius of the star, thenL
5R02a. To determine the latter, we use the experimenta
measured radius of gyrationRG and hydrodynamic radius
RH of the stars. Indeed, we know@1# that RG,R0,RH .
Thus we proceed as follows: for the temperature closes
the Q point of the stars (T540 °C), we useR0 as a fit
parameter in order to obtain good agreement between
experimental and theoretical total scattering intensities. T
yields R0(T540 °C)5128 Å. For the four remaining tem
peratures, we scale this number according to the lawR0(T)
5R0(T540 °C)RG(T)/RG(T540 °C), whereRG is always
read off from the experimental measurements. This is nat
since we expect that the overall radius of the star and
radius of gyration have a fixed ratio at all temperatures in
vicinity of the Q point.

Since the scaling theory predicts onlya; l 0Af without
the overall coefficient~of order unity! we have used two
different choices for this quantity,a540 Å and a550 Å,
finding that the resulting fits of the total scattering intens
curves are quite insensitive to this choice. The list of
parameters obtained in the way described above is sum
rized in Table III. The resulting pair potential is shown
Fig. 5. Notice that the change of the temperature has
effects: on the one hand, the parameters of the potential i
change, thus making it more repulsive as we move aw
from the Q point. On the other hand, the average interp
ticle separation measured in units ofRG ~which is the unit of
length in Fig. 5!, (rRG

3 )21/3, becomes smaller as the tem
perature is raised. Thus the particles find themselves in
creasingly repulsive regions of the pair potential and t
results in structure factors that develop more and more st
ture as we move away from theQ point.

Further evidence for the validity of the procedure d
scribed above in order to determine the overall size of
star, i.e., the parameterR0 of the pair potential, is offered by
making a comparison between the second virial coeffic
B2(T) obtained theoretically by employing the pair potent

TABLE III. The parameters used for the potential given by E
~4.3! for the fitting of the experimental total scattering intensity:~a!
with the choicea540 Å, ~b! with the choicea550 Å.

~a! a540 Å, l 56.6 Å, N580
T ~°C! R0 ~Å! L ~Å! U0

40 132 92 73.4
50 138 98 88.9
60 145 105 109.2
70 150 110 125.6
80 155 115 143.6

~b! a550 Å, l 56.6 Å, N580
T ~°C! R0 ~Å! L~Å! U0

40 132 82 41.6
50 138 88 51.4
60 145 95 64.7
70 150 100 75.5
80 155 105 87.4
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of Eq. ~4.3! and that obtained from experiment. The form
can be calculated from the formula@21#

B̄2
thr~T![RG

23B2~T!522pE
0

`

x2$exp@2bV~x!#21%dx,

~4.6!

wherex5r /RG . On the other hand, the corresponding e
perimental quantity can be calculated from the measured
ues ofA2(T) according to

B̄2
expt~T!5

RG
23MW

2 A2~T!

NA
, ~4.7!

where MW is the weight-average molar weight of the sta
determined by LALLS to be 725 000 g/mol;A2(T) andRG
can be read off from Table I. In Table IV we show th
comparison betweenB2

thr(T) andB2
expt(T), demonstrating that

the two are in very good agreement, within experimen
errors.

Using now the pair potential described above and empl
ing the accurate and thermodynamically consistent Rog
Young closure@22#, we have determined the structure facto
S(Q;T) for each temperature and for the experimenta
measured densityr. The latter is obtained by the formular
5fNA /VW , wheref510.4% andVW is read off from the
third column of Table II. The results are shown in Fig. 6. A
can be seen,S(Q) develops more structure as we move aw

.

FIG. 5. The pair potential of Eq.~4.3! vs r /RG . The curve for
T560 °C has been omitted since it runs very close to that foT
570 °C. Notice thatRG changes with temperature, as shown
Table I. The parameters are listed in Table III~b!.

TABLE IV. Comparison between theoretical and experimen
second virial coefficients.

T ~°C! B̄2
thr (a540 Å) B̄2

thr (a550 Å) B̄2
expt

40 12.15 11.92 9.4262.30
50 12.49 12.30 14.6463.20
60 13.13 12.84 14.0463.41
70 13.14 12.83 13.8763.12
80 13.43 13.12 13.6962.85
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from theQ point and, in addition, the peak moves to low
values of the scattering vector, in agreement with the exp
mental observations. Moreover, it can be seen that the s
tion develops quite strong ordering as we raise the temp
ture. To make the comparison with experiment quantitat
we must first multiplyS(Q) with the form factor according
to Eq. ~3.6! and then convolute the product with the reso
tion function R(Q,Q0) of the experimental apparatus, o
taining the theoretical total scattering intensity:

I th~Q0!

f
5

1

f

NA

Dr2

dS

dV
~Q0!

5@G~Q!S~Q!1F~Q!#* R~Q,Q0!. ~4.8!

For the form factor termsG(Q) and F(Q) we use the
Beaucage fit@13# with the parameters listed in Table II; th
resolution function is given by Eq.~3.5!. In Fig. 7 we show
the theoretical results for the total scattering intensity

FIG. 6. The bare structure factorsS(Q) for the pair potentials of
Fig. 5 as obtained from the Rogers-Young closure.

FIG. 7. Theoretical~curves! vs experimental~points! total scat-
tering intensities for stars in the vicinity of theQ point. The theo-
retical curves have been obtained by the procedure described i
text using the parameters of Table III~b!. For clarity, the data have
been multiplied by constants: 50 °C:5, 60 °C:50, 70 °C:50
80 °C:5000.
ri-
lu-
a-
,

-

comparison with the experimentally measured values. As
be seen, there is excellent agreement for the tempera
closest to theQ point (T540 °C) and the agreement be
comes slightly worse as we move to higher temperatures
particular, the compressibility@Q→0 limit of I (Q)# pre-
dicted by theory is lower than the experimental value. Ho
ever, the shape of the curve, the height as well as the loca
of the peak position are always quite satisfactory. There
two possible reasons for the discrepancies: on the one h
the pair potential of Eq.~4.3! is supposed to work best whe
the excluded volume interactions are small and the latter
crease as we raise the temperature. On the other hand, a
temperature increases and the stars grow in size with the
size being kept fixed, the validity of the underlying De
jaguin approximation becomes questionable. Indeed, the
ter is strictly valid whenL!a. Still, the potential incorpo-
rates several characteristic features of the supposed ‘‘tr
interaction, e.g., the finite range and the divergence clos
the core, and it turns out to provide an overall satisfact
description of the star solution not too far away from theQ
point.

V. DISCUSSION AND CONCLUSIONS

The dilute solution properties of the polybutadiene 6
arm star close to theQ point have been examined by SANS
In the experiment, theQ range was restricted, so that th
Guinier rangeQRG<1 was not accessible. Therefore we a
plied the Berry extrapolation, which is meaningful for a
extendedQ range up toQRG<2 encompassing our lowes
Q data.

The values ofRG increase with rising temperature, whic
was expected and results from the swelling of the star. T
values ofA2 reflect the change of the solvent quality fro
nearly that of aQ solvent at 40 °C to a better quality a
80 °C. The parameterdf is determined from the scattering a
high Q values. Its relation to the Flory exponentn is given
by the simple equation

df5
1

n
. ~5.1!

The values obtained forn are in the range between 0.55 an
0.64, and indicate that the quality of the solvent changes
the temperature range from nearlyQ-like to a better quality.
Since in the case of star polymers coherency effects ari
from the superposition between different blobs influence
scattering behavior@1# in the low Q range, a good solven
quality for stars is related ton values around 0.67. Thus, i
this experiment, a good solvent quality was not yet reach

Another similar and often applied expression@1,16,23# for
the form factor of stars, developed by Dozieret al. @24#, was
also used to fit the experimental data. In this model, the fo
factor comprises again two different terms,GD(Q) and
FD(Q), whereGD(Q)5VWexp@2(Q2RG

2 /3)# is the Guinier
exponential andFD(Q) is expressed by the Fourier tran
form of the mass-mass correlation function of a swoll
polymer coil g(r ), where the blob dimension enters as
screening lengthj:

g~r !;r 1/n23 exp~2r /j!. ~5.2!

the
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The transformation leads to the following expression
FD(Q):

FD~Q!5
4pa

Qj

sin@m tan21~Qj!#

@11Q2j2#m/2 G~m!, ~5.3!

where m51/n21 and G~m! is the gamma function;a de-
notes a normalization constant, which is an adjustable
rameter as well asVW , RG , andn. It can be seen from Eq
~5.3! that FD(Q) does not vanish in the limit ofQ→0 and
thereby contributes to the forward scattering and toVW ,
which is already completely described by the first te
GD(Q). Thus the molecular volume is underestimated in t
model and can only be determined correctly if the condit
G(0)S(0)@F(0) is fulfilled. Regarding the single star form
factor, this condition is fulfilled, while in the case of th
semidilute solution it is not valid any more, because the f
ward scattering intensity is rather low. Thus, although
applying the Dozier model led to an excellent agreem
between experimental results and theory for the pure fo
factors, this model could not be applied to the rather conc
trated solutions, since the forward scattering intensity, i
the osmotic compressibility, was always overestimated. T
effect is shown in Fig. 8, where the theoretical calculatio
based on the Dozier model and the Beaucage model are
pared with the experimental data at 40 °C.

It has been shown theoretically@25# and experimentally
@26,27# that branching causes a lowering of theQ tempera-

FIG. 8. Comparison of the theoretical total scattering intensi
at T540 °C obtained with the Beaucage~solid line! and the Dozier
fit ~broken line!. The symbols denote experimental data. Notice
overestimation of the compressibility obtained by the Dozier fit
dv
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r

a-

s
n

-
s
t

m
n-
.,
is
s
m-

ture of a polymer. Results from former light-scattering e
periments revealed only a negligible effect in the syst
polybutadiene-protonated 1,4-dioxane@6#. The Q tempera-
ture of linear and star polybutadienes was reported to
close to 26.5 °C. Also the change from protonated to deu
ated solvent can influence theQ temperature of a polymer
solvent system. Experimentally it was found that such
change in the system causes a shift inQ temperature to
higher values. Thereby, differences between theQ tempera-
tures in the range of 2 °C have been observed@28# for the
system polybutadiene-biphenyl. In the case of the sys
under investigation, aQ temperature of 31 °C was dete
mined, yielding an increase of 5 °C in comparison to t
protonated solvent. Thus the effect on deuteration overc
pensates the lowering of theQ temperature by branching an
is in this case relatively high in comparison to other syste
@28#.

The theoretical investigations for the description of t
scattering intensity curves of stars in the vicinity of theQ
point revealed that the pair interaction which has to be e
ployed is quite different from that for stars in a good solve
@2#. Indeed, if we applied the logarithmic Yukawa potent
of Ref. @2# to this case, we would find that the solution
ought to be actually crystalline, i.e., that potential is too
pulsive. This is expected, since the low quality of the solv
induces weaker repulsions between stars than a good sol
Thus, although theQ point is an unstable fixed point in th
renormalization group sense and therefore the unive
properties of very long chains slightly away from theQ tem-
perature are identical to those of chains in good solvents,
find that for nonuniversal quantities the vicinity of theQ
point matters. At this stage, we have been able to describ
a satisfactory way star solutions in good solvents on the
hand and inQ-like solvents on the other, by employing di
ferent effective pairwise interactions for each case. Althou
the two interactions have some superficial similarities~e.g.,
the logarithmic term for close approaches!, the arguments
that lead to them are quite different for each case. Thus
development of a unified theoretical approach which wo
apply for the whole range of solvent quality, i.e., going fro
Q-like to a good solvent and which thus would bridge t
gap between the two borderline cases, remains a problem
the future.
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