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Small angle neutron scattering studies of a polybutadiene Õpolystyrene
blend with small additions of ortho-dichloro-benzene for varying
temperatures and pressures. I. Mean field to 3D-Ising crossover behavior

Dietmar Schwahn,a) Henrich Frielinghaus, and Lutz Willner
Forschungszentrum Ju¨lich GmbH, Institut fu¨r Festkörperforschung, D-52425 Ju¨lich, Germany

~Received 25 July 2001; accepted 1 November 2001!

Thermal composition fluctuations were studied in the blend of polybutadiene~PB! and polystyrene
~PS! in temperature and pressure fields using the technique of small angle neutron scattering. The
blends had a critical composition and were mixed with different amounts of the nonselective solvent
ortho-dichloro-benzene. In this part we discuss the critical behavior as measured along the critical
isochore and interpret the results in terms of a crossover function describing the transition between
mean field and 3D-Ising behavior. In particular, we will discuss the Ginzburg number and the critical
amplitudes of the susceptibility and correlation length. For the Ginzburg number Gi we found a
much stronger increase with solvent content as predicted while the pressure fields always lead to a
decrease of Gi as expected. In ‘‘pure’’ PB/PS blends we found a further crossover to a so-called
renormalized Ising behavior; such a crossover proposes density fluctuations of the total polymer
concentration near the critical point. This crossover was not observed in the blend–solvent mixtures.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1429959#
t i
er
ob
o
ea
e

p-
re
t

tio
e

ica
os
-

e

ra

et
rin
en
a
ca
ad
rin

re
e

f a

ds
axi-
red
ture
0.1

ri-
eak
ot
ed

is
er
the
ng
mic
are
ne-
be

on
m-

be
the

in
ith
st

reby
ger
a-
l-
ood
I. INTRODUCTION

Thermal composition fluctuations are always presen
multicomponent systems. If the interaction energy pref
clustering of identical particles phase separation will be
served at low temperatures. In those systems thermal c
position fluctuations will be strong at low temperatures n
the critical point and will be weak at high temperatures wh
the entropy of mixing is dominating. The critical point re
resents a particular position on the phase boundary whe
continuous phase separation is observed. According to
fluctuation–dissipation theorem the mean-square devia
of thermal composition fluctuations is related to the first d
rivative of the order parameter with respect to the chem
potential. If the order parameter is defined as the comp
tion F of component ‘‘A’’ then the conjugate field is repre
sented by the difference of the chemical potentialsDm
(5mA2mB); so, the degree of thermal fluctuations is relat
to ]F/]Dm which is equivalent to 1/(]2Gm /]F2), Gm rep-
resenting the Gibbs free energy of mixing with the natu
parameters temperatureT, pressureP, and compositionF.
This means that thermodynamic parameters can be d
mined from measurements of thermal fluctuations. Scatte
technique is a sensitive tool to measure spatial inhomog
ities; in particular, the method of small angle neutron sc
tering ~SANS! has several important advantages as the s
tering contrast of the two molecular species can be m
very large by selective deuteration and as all other scatte
contributions are usually weak.

Here, we present SANS experiments on several th
component mixtures consisting of a symmetrical polym
blend of similar molecular weight and different amounts o

a!Electronic mail: d.schwahn@fz-juelich.de
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nonselective solvent. The composition of the polymer blen
was always chosen very near the critical one and the m
mum solvent content was 20%. The samples were explo
in their homogeneous state over a wide range of tempera
along the critical isochore and in pressure fields between
and 200 MPa.

The Ginzburg number as derived from the Ginzburg c
terion estimates the borderline between strong and w
thermal fluctuations. Fluctuations are weak if they do n
interact with each other; in this limit they can be describ
within the Gaussian approximation and mean-field theory
a sufficiently good approximation which in case of polym
blends is represented by the Flory–Huggins theory. Near
critical point, however, thermal fluctuations become stro
and lead to nonlinear effects dominating the thermodyna
behavior. In this range more sophisticated theories
needed. In polymer blends fluctuation effects are usually
glected and considered of minor importance. This might
explained with the original estimate of the Ginzburg criteri
by deGennes proposing an extremely small Ginzburg nu
ber following a 1/N ~N degree of polymerization! scaling
behavior and therefore showing a number being roughlyN
times smaller than>1022, the typical number for low mo-
lecular liquids.1,2 On the other hand, experiments have to
performed very carefully in small temperature steps near
critical point.

Thermal fluctuations have been systematically studied
binary polymer blends over the recent years mainly w
small SANS.3–7 The outcome of these studies is that in mo
cases the range of relevant thermal fluctuations and the
the Ginzburg number is at least an order of magnitude lar
than originally estimated. The susceptibility could be an
lyzed in terms of a crossover function from which the re
evant thermodynamic parameters were determined with g
9 © 2002 American Institute of Physics
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2230 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Schwahn, Frielinghaus, and Willner
precision.6 It was found that the Ginzburg number is a no
universal function; in addition to the degree of polymeriz
tion it depends sensitively on the noncombinatorial entro
of mixing which is part of the Flory–Huggins paramete6

Only in the limit of negligible noncombinatorial entropy o
mixing, one gets a universal Ginzburg criterion following
1/N ~or 1/V; V molar volume! scaling behavior. This gener
ally means that thermal fluctuations cannot be neglecte
polymer blends and that a proper crossover function ha
be used to correctly interpret the susceptibility and the c
relation length. For practical purposes one might apply
Flory–Huggins mean-field approach also very near the c
cal point in order to obtain some estimation of the pha
boundaries; such a procedure is nothing else as a linea
tion of the temperature-dependent susceptibility which mi
be sufficient for engineering purposes, but not for a corr
determination of the thermodynamic parameters.

We split our presentation in two parts because of
large amount of experimental results and theoretical id
behind our experiments. In the present paper, which we
refer to as Part I, we will focus on the‘‘critical behavior’’ o
thermal composition fluctuations and discuss their crosso
behavior. In Part II~Ref. 8! we will concentrate on the dis
cussion of the mean-field parameters as evaluated from
crossover function and give an interpretation of the ph
boundary and Flory–Huggins parameter in terms of the
tice cluster theory.

II. THEORETICAL BACKGROUND

In this chapter we give a short overview of the theor
ical background needed. First, we will describe the scatte
law for polymer blend–solution systems and then discuss
susceptibility of thermal polymer composition fluctuations
derived from the scattering law. In particular, we will d
scribe the crossover from the situation near the critical te
perature to that far from the critical temperature. A detai
derivation of the scattering law can be found in the textbo
of Ref. 9 and the effect of thermal fluctuations is discusse
Refs. 10 to 17.

A. Scattering cross section of polymer blend–solvent
system

The macroscopic cross section is generally describe

dS/dV~QI !5~1/VS!U( b̄i exp~ iQI rI i !U2

, ~1!

with the sample volumeVS , the total coherent scatterin
length b̄i of the solvent molecules and the polymer cha
monomers, andr i their spatial position.dS/dV is a function
of the momentum transferQI determined by the scatterin
angle Q and the neutron wavelengthl according touQI u
5(4p/l)sinQ/2. Assuming incompressibility, thereby ne
glecting the total polymer fluctuations, one gets with

dS/dV~Q!5~1/VS!@DrA
2SAA1DrB

2SBB

12DrADrBSAB# ~2!

the scattering cross section in terms of the partial struc
factorsSAA , SBB , andSAB of the two polymersA andB. The
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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scattering length density differencesDrA(B)5(rA(B)2rS)
are determined by the scattering length densitiesrA(B) and
rS of the polymers and solvent, respectively. We consi
here polymer chain components of same degree of polym
ization which is approximately fulfilled in our case. The co
responding cross section is given as

dS/dV~Q!5KABFPS~Q!1KPSSPP~Q!. ~3!

The first term is determined by the structure factorS(Q)
5F(12F)VP(Q) being proportional to the polymer form
factor P(Q), the polymer compositionF, and the polymer
molar volumeV, and the total polymer concentrationFP .
S(Q) is proportional to the polymer form factor only whe
the Flory–Huggins interaction parameter is zero. The sec
term is represented by the polymer–polymer partial struct
factor SPP(Q) describing the overall polymer density fluc
tuations and which would become zero in case of a polym
melt with FP51. The scattering contrastsKAB5(rA

2rB)2/NA and KPS5( r̄2rS)2/NA are determined by the
coherent scattering length densities of the polymers and
vent molecules, the averager̄5(FArA1FBrB)/FP , and
the Avogadro numberNA . The scattering contrasts of th
samples studied here are chosen that the relevant con
KAB is an order of magnitude larger thanKPS ~see numbers
in Table II!, which means thatS(Q) is the dominating scat-
tering contribution.

B. Structure factor

Thermal composition fluctuations lead to diffuse scatt
ing of neutrons expressed by the structure factorS(Q),
which at sufficiently smallQ can be approximated by th
Zimm approximation according to

S21~Q!5S21~0!1L2Q2. ~4!

The extrapolatedS(0) represents a susceptibility which
related to the Gibbs free energy of mixingGm according to
S21(0)5]2(Gm /RT)/]F2 ~R gas constant!.1,2,10The coeffi-
cient L2 is determined by the ratio of the correlation leng
j of the thermal fluctuations and the susceptibility accord
to L25j2/S(0). Within the random phase approximatio
one findsL25Rg

2/3S(0;G50)52Rg
2GC/35(4/3)Rg

2/V ~GC

52/V is the FH parameter at the critical temperature o
polymer blend with equal molar volumesV5VA5VB! from
which the radius of gyrationRg can be evaluated.1,2 The
thermodynamic information derived from the susceptibil
S(0) represents a property averaged over a macroscopic
ume due to the inverse relationship between the recipro
momentumQ and real space.

C. Mean field to 3D Ising crossover behavior
of susceptibility and correlation length
in polymer blends

The degree of thermal composition fluctuations a
therebyS(Q) sensitively depends on temperature and pr
sure. At sufficiently high temperatures above the critical te
perature, the thermal fluctuations can be described within
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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2231J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Scattering studies of a polybutadiene/polystyrene blend
Gaussian approximation; in this state the system is well
scribed by the mean-field approximation, e.g., most of
critical exponents are the same.10 On the other hand, therma
fluctuations become strong near the critical temperature le
ing to nonlinear effects. These nonlinear effects become
ible in scattering experiments by a crossover behavior of
susceptibility and correlation length following the univers
ity class of the 3D-Ising critical behavior asymptotical
close to the critical temperature.1,2 Within the mean-field and
3D-Ising model the susceptibilityS(0) and the correlation
length j are described by simple scaling laws according
Ct2g(j0t2n) with the reduced temperaturet5uT2TCu/
T ~TC critical temperature!, the critical amplitudesC(j0) and
the critical exponentsg~n! being equal to 1 and 1.23960.003
~0.5 and 0.63460.001! in the mean-field and 3D-Ising cas
respectively.11 In order to describe the susceptibility and co
relation length over the whole temperature range one nee
crossover function, which we will discuss now.

In recent theoretical and experimental work it has be
shown that the crossover from mean-field to 3D-Ising beh
ior could be nonuniversal and rather complex. In t
asymptotic critical regime of the 3D-Ising regime the cor
lation lengthj is the only relevant length while in the cros
over regime an additional microscopic length could beco
relevant and enforce a nonuniversal and nonhomogen
crossover behavior.12,13 Such a nonuniversal crossover b
havior has been observed in diluted polymer solvent syst
in which the size of the polymer was quite naturally inte
preted as the microscopic length scale.14 In polymer blends,
so far,S(0) could always be described by a crossover f
malism derived by Belyakovet al. which represents a uni
versal and continuous crossover function and is solely de
mined by the Ginzburg number; this function will b
described in the next section.15 This means that in polyme
blends a relevant microscopic length scale did not appea
and can therefore be neglected. A corresponding cross
formalism for the susceptibility and correlation length h
been derived from the more general formalism as

S21~0!5~1/C1
MF!tY~g21!/DF11

u* n

D S 1

2D
1

Y

12YD 21G ,
~5!

j5j0
MFt21/2Y2~2n21!/2D, ~6!

taking the wave numberL→` and which corresponds to
zero microscopic length.13,16 Susceptibility and correlation
length are a function of the reduced temperature and a cr
over functionY. The critical exponents are those of the 3
Ising model andD50.5460.03 is a universal correction-to
scaling exponent. The crossover functionY is either given as
an implicit function of the inverse correlation lengthk
5j0

MF/j or of the reduced temperaturet according to 12Y
5(ūL/k)Yn/D or (12Y)2Y21/D5ū2L2/t, respectively. The
limit L→` also means that the reduced coupling const
ū→0 because of its definitionū5u/u* L. The parametersu
and u* >0.472 represent the coupling constant in t
Ginzburg–Landau Hamiltonian and the RG fixed-point co
pling constant, respectively. For the mean-field approach
gets, with ū2L2/t!1 and Y51 the scaling laws,S(0)
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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5C1
MFt21 and j5j0

MFt21/2 with the corresponding mean
field critical amplitudesC1

MF andj0
MF . Within the asymptotic

regime of the 3D-Ising behavior one hast→0 andY→0;
therefore,Y5(ū2L2/t)2D. From Eqs.~5! and ~6! one then
gets, withS(0)5C1t2g andj5j0t2n, the asymptotic scal-
ing laws of the 3D-Ising model. The ratios of the 3D-Isin
and mean-field critical amplitudes are given as

~C1 /C1
MF!1/~g21!5ū2L2, ~j0 /j0

MF!2/~2n21!5ū2L2. ~7!

Within the limit of L→` the crossover between the tw
universality classes of mean-field and 3D-Ising behavio
determined by a single parameter (ūL)2 being proportional
to the Ginzburg number Gi, which we define in accordan
with our earlier work as Gi50.069ū2L2, so that we finally
obtain, with

Gi50.069~C1 /C1
MF!1/~g21!50.069~j0 /j0

MF!2/~2n21!, ~8!

relations between the ratios of the critical amplitudes of
3D-Ising and mean-field case.6,7 The value of Gi can be iden
tified with the reduced temperature at which the differen
between the 3D-Ising approximation and the crossover fu
tion of Belyakovet al. reaches 10%.15

Within the FH model the susceptibility and correlatio
length are, respectively, given asS(0)51/@2(GC2FPG)#
andj25S(0)L25Rg

2GC /@2(GC2FPG)#. In the dilution ap-
proximation of blend–solvent systemsG is replaced by
FPG, with FP being the total polymer content.18 So, for
blend–solvent systems the mean-field critical amplitudes
related to the FH parameters according to

C1
MF51/~2uGC1FPGsu!5TC

MF/2~FPGh!,

j0
MF5A2Rg

2GCCMF/35Rg /A3~11FPGs /GC!, ~9!

with the correspondingly enthalpicGh and entropicGs terms
of G5Gh /T2Gs .6 The expressions of the critical ampl
tudes of the mean-field case in Eq.~9! and of the 3D-Ising
case according toC1}V(22g) andj0}V(12n) as derived by
Binder2,17 leads to

Gi}@V~22g!~2/V1FPGs!#1/~g21!

and

Gi}@V~222n!~2/V1FPGs!#1/~2n21!, ~10!

and in the case of zeroGs to the universal scaling law G
}1/V. So, according to its dependence on molar volum
very small Gi is expected in polymer blends if compar
with a Gi of the order of 1022, which is typical for low
molecular liquids.10,16 On the other hand, it becomes appa
ent from the large exponents 1/~g21!>4.23 and 2/~2n21!
>7.46 in Eq. ~10! that the entropic termGs strongly en-
hances Gi. Such a behavior was indeed found in earlier
perimental work; all Gi values are appreciably larger~in
some cases by two orders of magnitude and even larger
for low molecular liquids! compared with the universal 1/V
estimation for incompressible melts. This clearly indica
that the entropic termGs ~according to equation of state
theoriesGs is related to the compressibility19! leads to a
strong increase of thermal composition fluctuations near
critical temperature.6,7 These large Gi numbers also imp
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the need for a more sophisticated analysis of the scatte
data using Eqs.~5! and ~6!. This also means that the FH
parameter has to be evaluated from the mean-field crit
amplitudes in Eq.~9! and from the ‘‘mean-field’’ critical tem-
peratureTC

MF , which is related to the ‘‘real’’ critical tempera
tureTC according toTC

MF5TC /(12Gi).16 TC is smaller than
TC

MF by some degrees Kelvin because of the stabilizat
effect of thermal fluctuations.

E. Susceptibility derived from Belyakov and Kiselev

The analysis of the susceptibility crossover behavior w
performed with an asymptotic crossover function accord
to

t̂5~112.333Ŝ~0!D/g!~g21!/D

3@Ŝ21~0!1~112.333Ŝ~0!D/g!2g/D#, ~11!

derived by Belyakov and Kiselev15,16on the basis of a renor
malization group approach and ane-expansion. The cross
over functions in Eq.~11! and Eq. ~5! should describe a
similar situation as in both cases a microscopic length s
was extrapolated to zero. So, we have chosen the more e
applicable Eq.~11! for the analysis which was also succes
fully used in all our former studies on polymer blends.6,7 The
parameters Gi,CMF , andTC in Eq. ~11! are the experimenta
numbers characterizing the system; the rescaled red
temperaturet̂5t/Gi is an explicit function of the rescale
susceptibilityŜ(0)5S(0)Gi/CMF ; the critical exponentsg
andD are of the 3D-Ising model.

F. Hidden variables—Fisher renormalization

Three-component samples as polymer blend–solv
systems can be considered as quasibinary blends as lon
the total polymer concentrationFP5FA1FB is constant
and thermal fluctuations are only observed for the order
rameter represented by the composition of one compo
F5(FA orFB). Under such condition the systems obe
3D-Ising critical behavior asymptotically close to the critic
temperatureTC . If the Gibbs free energy of mixingGm is
considered as the relevant thermodynamic potential,
equilibrium states in blends are determined by the order
rameterF, the temperature and pressure fields. In polyme
solvent systems one has in addition the solvent volume f
tion FS and its conjugate chemical potential according
mS5]Gm /]FSuP,T,f ~polymer and solvent concentration
give FP1FS51!. Both parameters are considered as ‘‘h
den’’ variables. In the so-called isomorphism approach d
cussed by Anisimovet al., the ‘‘fluctuation’’ part of Gm is
described by the well-known scaling form10 being a function
of two relevant parameter fields, namely the temperature
the order parameter, both being a function of pressure
the solvent chemical potential.20,21

Generally, one observes 3D-Ising critical expone
when pressure and the solvent chemical potential fields
constant during the isochoric approach toTC . Experimen-
tally, however, an approach toTC under the condition of
mS5const is not possible; such an approach can only
realized in samples with homogeneous solvent concentra
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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In the experimental case a crossover from 3D-Ising to a c
cal behavior with the renormalized critical exponents is e
pected nearTC and is determined as

g* 5g/~12a!, n* 5n/~12a!, ~12!

with the critical exponenta50.11 of the heat capacity.
For polymer blend–solvent systems the transition te

peratureT** or the temperature rangeDT** 5(T** 2TC)
to a renormalized Ising behavior has been estimated
Brosetaet al.;22 on the basis of mean-field parameters th
found a scaling law according toDT** >N213.6f217. This
expression leads to an extemely small temperature inte
aroundTC which is not visible in our samples and propos
the behavior of a ‘‘quasibinary’’ blend characterized by 3
Ising universality nearTC . Extensive studies on polyme
blend–solvent systems were performed by the group of N
as reviewed in Ref. 23.

III. EXPERIMENT

The description of SANS scattering instruments, po
mer synthesis, and sample preparation has already b
given in a former publication where we have studied t
same dPB/PS blend but without solvent.24

A. SANS experiment

The scattering experiments were performed at the SA
diffractometer KWS1 at the FRJ2-reactor of the ‘‘Forschun
szentrum Ju¨lich.’’ 25 For these studies a steel-bodie
temperature-pressure cell was used which allows anin situ
change of pressure and temperature in the range of
<P(MPa)<200 and220<T(°C)<200, respectively, with
a temperature control better than 0.01 K. This cell was
veloped in our laboratory. The sample thickness and
neutron-irradiated diameter were 0.1 and 0.7 cm, resp
tively. After each change of temperature we waited for h
an hour before proceeding with the neutron measuremen
order to safely achieve a stationary temperature field in
relative large volume of the pressure cell. The temperatur
the sample could be rather accurately determined from
thermocouple and the always existing temperature grad
between the sample and the position of the thermocou
The temperature gradient was determined in a separate
surement under identical conditions with an additional th
mocouple at the sample position. The scattering data w
corrected for background, detection efficiency of the sin
detector cells, radially averaged, and calibrated in abso
units by a Lupolen secondary standard.

For blend–solvent systems the relationship of the ab
lute macroscopic cross sectiondS/dV(Q) is given in Eq.
~3!. The scattering experiments were performed in the m
mentum transfer range of 0.01<Q (Å 21)<0.1 using the set-
tings of 7 Å neutron wavelength, the detector to sample d
tances of 4 and 8 m with the corresponding collimation
distances.

B. Polymer synthesis and characterization

The polymers were synthesized by anionic polymeri
tion using high vacuum and break seal technique. S
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Butyllithium was used as initiator for all polymerization
The purification of solvents and monomers was perform
according to the standards required for anionic polym
zation.26 Protonated polystyrene~PS! and deuterated polyb
utadiene~d-PB! with 1,4 microstructure were polymerized i
benzene. The preparation of polybutadienes with an
creased 1,2 content demands the addition of polar co
vents. Tetrahydrofuran~THF! was the cosolvent for poly
mers with high vinyl content@h-, d-PB~1,2!# while diethyl
ether was used for the polybutadiene with almost equal
tribution of 1,4 and 1,2 units in the chain@d-PB~1,2;1,4!#.

The polydispersity,Mw /Mn , of the polymers was deter
mined by size exclusion chromatography using a Wa
150C instrument. This instrument was equipped with fo
m-Styragel columns with a porosity range of 105– 100 Å in
combination with a refractive index detector. The eluent w
THF at a flow rate of 1 mL/min, and PS standards~Tosoh
Corporation! were used for calibration. In all casesMw /Mn

values were smaller than 1.1. The number average molec
weight of the polymers,Mn , was measured with a Knaue
vapor pressure osmometer at 45 °C in benzene. TheMn val-
ues were obtained using a calibration function of the ty
(DV/c)c→05KMn

a , where c is the polymer concentration
andDV the change in voltage being proportional to the te
perature difference between the two thermistors.27 The
calibration constantsK and a were determined with benzi
and PS standards of 440<Mn<9600 with an accuracy o
about65%. The 1,2/1,4 composition of the d-polybutadien
was determined by13C-NMR spectroscopy with a Bruke
300 MHz spectrometer. For the h-PB~1,2! polymer the com-
position was additionally determined by1H-NMR. The char-
acteristic parameters of the polymers are summarized
Table I.

TABLE I. Polymer chain and solvent characteristics.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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C. Sample preparation

The polymer blends were prepared by dissolving in a
freeze drying from benzene. The thermal stability of t
samples was improved by addition of 0.1% 2,6 di-tert.-but
4-methylphenol and by filling them in an argon box into
leak-proof sample holder. In this way the blends were p
tected from degradation and cross linking at the experime
temperatures. The solvent ortho-dichloro-benzene was ad
after the freeze-drying process. The sample was stirred u
inert nitrogen atmosphere at approximately 100 °C a
quenched to 20 °C after half an hour.

In order to measure precisely the effect of thermal flu
tuations and their pressure dependence, we had to pre
samples very near the critical composition. In a first step
therefore determined the binodal and spinodal phase bo
aries of the three samples without solvent at different co
positions by SANS measurements. The so-obtained ph
diagrams are shown in Fig. 2 of Ref. 24 and the correspo
ing critical composition and temperature are given in Ta
II.

IV. EXPERIMENT RESULTS

In this section we first present the structure factor, s
ceptibility, and correlation length as obtained from the SAN
experiments and will then give an interpretation in terms
the Ginzburg number and critical amplitudes as drived fr
the crossover functions in Eqs.~6! and ~11!.

A. SANS data—structure factor, susceptibility,
and correlation length

In Figs. 1~a! and 1~b! the structure factorS(Q) of the
two dPB/PS polymer blends have been plotted in Zimm r
resentation. Both blends are distinguished by their deuter
PB component having different vinyl content@for details of
the polymers PS, dPB~1, 4! and dPB~1, 2; 1, 4! see Table I#.
In these plots the scattering curves follow a straight line
accordance with Eq.~4!. Figure 1~a! showsS(Q) of four
dPB~1,4!/PS samples mixed with different amounts of so
vent between 0% and 10% and which were measured at
bient pressure and at 76.2 °C. With increasing solvent c
tent the scattering power becomes appreciably wea
because of an improved polymer miscibility shifting th
phase boundary to lower temperatures. Figure 1~b! shows
S(Q) of the dPB~1,2;1,4!/PS sample with a fixed 20% vol
ume fraction of the solvent and at constant temperat
slightly above room temperature but in varying press
fields between 0.1 and 200 MPa. The scattering enhan

TABLE II. Parameters of the polymer blends~see also results in Fig. 2 o
Ref. 24!.

Sample dPB~1,4!/PS dPB~1,2; 1,4!/

Fc ~PB! 0.4360.02 0.47760.02
TC @°C# at 0.1 MPa 64 72.2
GC @1023 mol/cm3# 1.07 1.12

(rPB2rPS)
2 @1021 cm24# 2.81

r̄ @1010 cm22# 3.74 3.99
( r̄2rS)2 @1021 cm24# 0.19 0.27
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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with increasing pressure field indicating lower compatibil
at larger pressure fields. The susceptibilityS(0) and the cor-
relation lengthj are obtained from fittingS(Q) with Eq. ~4!
as demonstrated by the solid lines; the susceptibility rep
sents the extrapolatedS(Q→0) and the slope together wit
S(0) delivers the correlation lengthj.

The susceptibility measured under different conditio
as microstructure, solvent content, and external pressure
is depicted in Figs. 2 and 3 versus inverse temperature
Fig. 2~a! and 2~b! S21(0) from the two blend systems ar
shown as determined at ambient pressure field mixed w
five given solvent contents. In both samples a higher solv
content causes a strong decrease of the critical tempera
thereby improving the miscibility. Figures 3~a! and 3~b!
demonstrate the effect of pressure; increasing pressure
ways enhances the critical temperature, as is generally
pected from the Clausius–Clapeyron equation.28,29 All sus-
ceptibilities presented in Figs. 2 and 3 were analyzed w
the asymptotic crossover function of Eq.~11! as shown by
the solid lines; the agreement between experiments
theory is excellent. From the fit we obtain the critical tem
perature, the Ginzburg number, and the mean-field and
Ising critical amplitudes. The critical temperature is defin
to occur atS21(0)50, which corresponds to an infinite co
relation length. In nearly all samples we could approach
critical condition ofS21(0)50 very well, indicating that the

FIG. 1. Structure factor of the two binary blends of critical composition
Zimm representation~a! at different polymer concentrations and~b! at dif-
ferent pressure fields with the other parameters constant.
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experiments were performed very near the critical compo
tion.

The inverse square of the correlation lengthj have been
plotted in Figs. 4 and 5 versus inverse temperature; the
perimental conditions of the correlation length correspon
to those of the susceptibility in Figs. 2 and 3. The solid lin
in Figs. 4–6 represent fits with the crossover function in E
~6! using the same Ginzburg number and critical tempera
as for the correspondingS(0). Thecorrelation length shows
qualitatively the same behavior asS(0) and leads to a new
parameter, the critical amplitudej0 .

B. Ginzburg number

The Ginzburg number of various polymer blends h
been depicted in Fig. 6 versus the average degree of p
merization. These data were determined over recent y
mainly by SANS from fitting the crossover function of Eq
~11!.3,6,7,24,30–33All data are lying between the two dashe
lines representing a power law with the exponents of21 and
22. TheN21 power behavior is consistent with the Ginzbu
criterion in Eq.~10! in case of a zero noncombinatorial e
tropy of mixing (Gs50).1 A finite Gs and the large expo-
nent in Eq.~10! are the reason for the relatively large valu
of Gi which could become even an order of magnitude lar

FIG. 2. Inverse susceptibilityS21(0) vs inverse temperature at ambie
pressure for the different solvent concentrations in~a! the dPB~1,4!/PS and
~b! dPB~1,2; 1,4!/PS blends.S(0) was normalized with total polymer con
centrationFP . All blends are very near the critical concentration asS21

50 could be well approached and the solvent leads to a better poly
compatibility.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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in comparison with a typical Gi>1022 of low molecular
liquids; the Ginzburg number of polymer blends withN
larger than 100 becomes equal and less than 1022; on the
microscopic scale it is related at least in some part to
compressibility or free volume because of the relations
between compressibility andGs in the corresponding equa
tion of states theories.19 A first experimental proof of these
relationships was the reported decrease of the Ginzburg n
ber in a pressure field in Ref. 31.

The effect of solvent on Gi is shown in Fig. 7 for the tw
dPB/PS blends. Gi has been plotted versus the total poly
concentration in double logarithmic scale. A strong incre
of Gi with solvent content is observed; at 80% polymer co
centration a 5 to 10times larger Gi is observed than in th
pure blend. The Ginzburg numbers approximately follow
scaling behavior with a large exponent between28.6 and
210.8. This observation is in strong contrast to theory p
dicting a 22 power-law behavior; the estimation of the22
exponent was performed within mean-field approach on
basis of bare parameters from the Ginzburg–Lan
Hamiltonian.22 Similar experiments by Noseet al. with light
scattering also show deviations from the22 power law; in
Ref. 23 ~their Fig. 7! they show Gi from two samples with
much larger solvent concentrations of about 50% and 8

FIG. 3. S21(0) vs inverse temperature for different pressure fields
dPB~1,4!/PS with a polymer concentration of~a! 0.83. In all cases the pres
sure field leads to a worse polymer compatibility. In~b! similar experiments
are shown for the dPB~1,2; 1,4!/PS blend.
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and find a power law with an exponent of about24.
In Figs. 8~a! and 8~b! the behavior of the Ginzburg num

ber in a pressure field has been depicted for the two bl
systems with 0%, 5%, and 20%~16!% solvent concentration
In all cases we find a strong decrease of Gi in large pres
fields and a stronger effect of the more dilute blend–solv
samples.

C. Critical amplitudes of susceptibility

The critical amplitudes of the susceptibility in mea
field and 3D-Ising approximation have been plotted in Fig
as a function of solvent content. WhileC1 shows a slight
increase, which is about 20% at 0.2 solvent content and
ear within the plotted band, the mean-field amplitudes sh
a decrease, which is linear for the dPB~1, 4!/PS and shows
some oscillatory behavior for the dPB~1, 2; 1, 4!/PS blend.
For the PB~1, 4!/PS sample in double logarithmic represe
tation of the same data versusFP , one would obtain the
exponents of~1.160.1! and 2~160.25! for mean-field and
Ising regimes, respectively, while for the PB~1,2;1,4!/PS
blends the corresponding exponents of~0.3560.5! and2~2.4
60.5!. Putting these exponents into the expressions for
one gets the corresponding exponents in Fig. 7 which is q
trivial as C1 is a derived number@see Eq.~8!#.

In Figs. 10~a! and 10~b! the pressure dependence of t
critical amplitudes of both polymer blends with differe

f
FIG. 4. Inverse square of correlation length vs 1/T in correspondence to
S21(0) in Fig. 2.
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amounts of solvent are shown. The Ising critical amplitu
C1 is constant with pressure, while a systematic increas
the corresponding mean-field numberC1

MF with pressure is
observed. The last observation is quite plausible as accor
to Eq. ~9! C1

MF is inversely proportional toGs .

FIG. 5. Inverse square of correlation length vs 1/T in correspondence to
S21(0) in Fig. 3~a! and ~b!.

FIG. 6. Ginzburg number vs degree of polymerization from different po
mer blends determined over recent years. TheN21 was predicted as a uni
versal law for incompressible polymer blends. In reality compressibi
expressed by a noncombinatorial entropy of mixing has a strong influe
on Gi.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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D. Critical amplitude of correlation length

The critical amplitude of the correlation lengthj0 of
both blends has been plotted in Fig. 11 versus the solv
concentration. The mean-field amplitude of both blends
the same within the experimental uncertainty and decrea

-

ce

FIG. 7. Ginzburg number vs total polymer concentration. Gi in both ble
shows scaling behavior with exponent between29 and211, which is in
strong contrast to theoretical estimation of22, which relies on purely mean
field or bare parameters.

FIG. 8. Ginzburg number vs pressure field and for three solvent conce
tions in the~a! dPB~1,4!/PS and~b! dPB~1,2;1,4!/PS blends. In all cases
pressure reduces the Ginzburg number and thereby the range of stron
fluence of thermal fluctuations aroundTC .
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by about 10% for a 20% solvent content. The ‘‘Ising’’ am
plitudes are smaller than their mean-field numbers and,
stead, they increase with solvent content by about 20%
addition, they differ in both blends; the PB~1, 4!/PS blend
shows slightly more than 10% larger values. The mean-fi
amplitude j0 is proportional to the polymer radius o
gyration and the square root of (11Gs /GC) @Eq. ~9!#; the
polymer parameters are very similar~Tables I and II! and so
the result of equal amplitudes is not surprising. The Is
critical amplitudes seem to depend more sensitively
the microstructure of the PB polymer component and m
be affected by the smaller segment length of PB polym
chains with higher vinyl content; a 62% vinyl content P
shows a 9.3% smaller segment length than a 7% one~see
also Table I!.34

In Figs. 12~a! and 12~b! the pressue dependence of t
critical amplitudes of both polymers with different amoun
of solvent are shown. The Ising critical amplitudesj0 de-
creases with pressure, whereas the mean-field critical am
tudej0

MF increases with pressure. While the first observat
can hardly be interpreted, the latter behavior will be e
plained in terms ofRg @see Eq.~9!#, which will be discussed
in Part II.

E. Renormalization of 3D-Ising exponents

The susceptibility and correlation length depicted
Figs. 2–5 show a transition from mean-field to 3D-Isi
critical behavior which could mostly be well described
the crossover functions in Eqs.~6! and~11!. This means that
we can consider all samples as quasibinary blend syste
The only exception we found is the solvent-free dPB~1,4!/PS
blend sample as plotted in Figs. 13~a! and 13~b! at about 2 K
~Table III! aboveTC a crossover to a critical behavior wa
observed showing the renormalized critical exponents

FIG. 9. Critical amplitudesC of S(0) vs solvent concentration. The ‘‘Ising’
C slightly increases by about 10%; the mean-field amplitude show a r
tively stronger decrease of 20%. The dPB~1,2;1,4!/PS shows a characteristi
oscillation at lower concentrations.
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cording tog/(12a) andn/(12a) of susceptibility and cor-
relation length, respectively, and the critical exponent of
specific heata50.11, and, as indicated by the dotted lines
slight enhancement of the critical temperature. It furtherm
appears that the correlation length is more sensitive to
crossover transition.

In some way these results are consistent with form
experiments on dPB~1,2!/PB plotted in Figs. 14.33 In this
sample we also found a transition to the renormalized Is
behavior, however, over a much larger temperature rang
about 18 K~Table III! and an appreciable decrease ofTC .
Figure 14~b! shows a double logarithmic presentation ofL2

determined in Eq.~4! versus the correlation length and whic
should follow a scaling law according tojh5(22g/n) and
which should be insensitive to the renormalized 3D-Isi
crossover behavior.32 The position of the crossover atT** is

a-

FIG. 10. Critical amplitudes ofS(0) of three solvent concentrations v
pressure for the two blends in~a! and ~b!. The IsingC1 is constant with
pressure, while for the mean fieldC an increase is observed.
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indicated by the dashed line; no transition is visible. Fro
these findings there appears in ‘‘pure’’ polymer blends
other ‘‘third’’ component active which can only be identifie
with free volume.

FIG. 11. Critical amplitude of the correlation length vs solvent concen
tion similar to theC in Fig. 9. The mean-field values of both blends a
roughly the same and are decreasing. The Ising numbers of both blend
different and are increasing by about 20%.

FIG. 12. Critical amplitudes of correlation length vs pressure for
two blends in ~a! and ~b! and with three solvent contents. Globall
all mean-field and Ising numbers increase and decrease with pressur
spectively.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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V. SUMMARY AND DISCUSSIONS

We presented extensive research on two dPB/PS ble
mixed with different amounts of the nonselective orth
dichloro-benzene up to 20%. Two polybutadiene compone
different in vinyl content, namely dPB~1,4! and dPB~1, 2; 1,
4! with, respectively, 7% and 54% vinyl content were ch
sen; both PB components were deuterated for good sca
ing contrast conditions. These samples were measured
small angle neutron scattering in varying temperature
pressure fields. The thermal composition fluctuations
characterized by the susceptibilityS(0) and the correlation
length j; both parameters are well described in terms o
universal crossover function describing the transition fro
mean-field to 3D-Ising behavior asymptotically close to t
critical temperature. This crossover function is a univer
function of the Ginzburg number because the correlat
length is the only relevant length scale.12–14The same critical
temperature and Ginzburg number were found for the s
ceptibility and correlation length.

Here in Part I we concentrate on the discussion
the critical crossover behavior expressed by the criti

-

are

re-

FIG. 13. Near the critical point of the susceptibility~a! and correlation
length ~b! of PB~1,4!/PS blend@see Fig. 5~a!#. Very near the critical tem-
perature a crossover to the Fisher renormalized behavior is observed. S
behavior was more expected but not observed in the blend–solution sys
So, it seems that free volume in the form of void density starts to fluctu
nearTC .
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Downloaded 21 De
TABLE III. Parameters of Fisher ‘‘renormalized’’ critical behavior.

Sample T** @°C# TC @°C# g* 52g/(12a) 2n* 52n/(12a) h5(22g/n)

PB ~1,4!/PS 66.2 64.2 1.43 1.47 0.054
PB~1,2!/PS 125 107.1 1.39 1.43 0.056
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amplitudes of susceptibility and correlation length and
Ginzburg number, while the Flory–Huggins interactio
parameter and critical temperature is discussed in Par
All parameters have to be considered by two aspe
namely, their dependencies on solvent content and
pressure.

~1! The critical amplitudes of susceptibility and correlatio
length are depicted in Figs. 9 to 12. The mean-field a
plitudes are expressed in terms of the FH parameter
radius of gyration in Eq.~9! and will be discussed sepa
rately in Part II. For the ‘‘Ising’’ amplitudes there is n
theory available. Quite generally, they reflect the mic
scopic nature of a system; various ratios of critical a
plitudes leads to universal numbers35 and in polymer
blendsC1 andj0 follow the respective scaling relation
according toV(22g) andV(12n).17 For the susceptibility
critical amplitude we find a slight increase with solve
content but no pressure dependence. A stronger cha
was observed for the correlation length critical amp

FIG. 14. ~a! Transition ofS(0) andj2 to a Fisher renormalization of the
dPB~1,2!/PS blend from a former study. In this system the effect is v
much larger. Comparing these data with studies of asymmetric poly
blend–solvent system, one could speculate that voids are more select
the PB~1,2! than PB~1,4! monomers.~b! L2 @Eq. ~4!# vs j in double loga-
rithmic scale. The slope of the fitted straight line gives the Fisher expo
h regardless of the crossover atT** .
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tude: An 11% larger Ising number has been observed
the dPB~1,4!/PS blend and about a 20% linear increa
with solvent content. Pressure always induces a decre
which sometimes looks rather irregular, e.g., the 5
sample@Fig. 12~a!# shows a stronger decrease than t
pure blend and the 17% sample.

~2! A remarkably strong increase with solvent content w
found for the Ginzburg number as depicted in Fig.
there, a power law between29 and 211 is observed.
This result is in strong contrast to theoretical mea
field predictions proposing an exponent of22.22,23

Considering the Ginzburg criterion in Eqs.~8! and ~10!,
it seems that the noncombinatorial Flory–Huggins e
tropy of mixingGs must have an important influence o
Gi. Generally, pressure and solvent addition lead
opposite effects on the Ginzburg number, which mig
be caused by, respectively, polymer compression
dilution.

~3! In the two PB~1, 4!/PS and PB~1, 2!/PS blends without
any solvent, we found nearTC a further crossover to the
so-called renormalized Ising behavior showing the ren
malized critical Ising exponents in accordance with E
~12! ~see Figs. 13 and 14!. The results from the PB~1,
2!/PS blend were obtained from former SAN
experiments.33 This observation appears surprising as
originally expected such a behavior in the blend–solv
systems. The crossover to a renormalized 3D-Ising
havior was extensively studied in polymer blend
solution mixtures by Nose and co-workers.23 They found
a similar crossover behavior in strong asymmetric po
mer blends mixed with a solvent but not such a transit
in symmetric blends as ours. In this respect our res
are consistent with those of Noseet al. However, if we
look to their data obtained from asymmetric blend
solvent samples a large effect was found if a highly
lective solvent was chosen, and only a small effect w
observed in case of a nonselective solvent. This obse
tion seems rather clear as polymer composition fluct
tions and solvent concentration are strongly correlated
case of highly selective solvents. Their results lo
qualitatively very similar to our findings; the dPB~1,
4!/PS blend shows a crossover very nearTC similarly to
their nonselective solvent case, while the crossover
dPB~1, 2!/PS qualitatively agrees with their syste
mixed with a highly selective solvent. Voids or free vo
ume are present in compressible polymer blends; so,
free volume might represent a third component lead
to the observed renormalized critical behavior. Fro
these experimental findings one may speculate abo
possible selectivity of voids in polymer blend system
~see the corresponding discussions in Part II!.
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