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temperatures and pressures. |. Mean field to 3D-Ising crossover behavior

Dietmar Schwahn,® Henrich Frielinghaus, and Lutz Willner
Forschungszentrum doh GmbH, Institut fu Festkaperforschung, D-52425 Jigh, Germany

(Received 25 July 2001; accepted 1 November 2001

Thermal composition fluctuations were studied in the blend of polybutadfBeand polystyrene

(P9 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 Physic§DOI: 10.1063/1.1429959

I. INTRODUCTION nonselective solvent. The composition of the polymer blends
was always chosen very near the critical one and the maxi-
Thermal composition fluctuations are always present imum solvent content was 20%. The samples were explored
multicomponent systems. If the interaction energy prefersn their homogeneous state over a wide range of temperature
clustering of identical particles phase separation will be obalong the critical isochore and in pressure fields between 0.1
served at low temperatures. In those systems thermal commnd 200 MPa.
position fluctuations will be strong at low temperatures near  The Ginzburg number as derived from the Ginzburg cri-
the critical point and will be weak at high temperatures whenerion estimates the borderline between strong and weak
the entropy of mixing is dominating. The critical point rep- thermal fluctuations. Fluctuations are weak if they do not
resents a particular position on the phase boundary wherejgteract with each other; in this limit they can be described
continuous phase separation is observed. According to thgithin the Gaussian approximation and mean-field theory is
fluctuation—dissipation theorem the mean-square deviatiog sufficiently good approximation which in case of polymer
of thermal CompOSition fluctuations is related to the first de-b|ends is represented by the F|ory_Huggins theory‘ Near the
rivative of the order parameter with respect to the chemicatyitical point, however, thermal fluctuations become strong
potential. If the order parameter is defined as the composiang lead to nonlinear effects dominating the thermodynamic
tion ® of component A" then the conjugate field is repre- pehavior. In this range more sophisticated theories are
sented by the difference of the chemical potentidls  peeded. In polymer blends fluctuation effects are usually ne-
(= ma—mp); S0, the degree of thermal fluctuations is relatedglected and considered of minor importance. This might be
to 9®/9A u which is equivalent to 1(°G,,,/d®?), Gy rep-  explained with the original estimate of the Ginzburg criterion
resenting the Gibbs free energy of mixing with the naturalby deGennes proposing an extremely small Ginzburg num-
parameters temperatufie pressureP, and composition®.  per following a 1N (N degree of polymerizationscaling
This means that thermodynamic parameters can be detgyshavior and therefore showing a number being roughly
mined from measurements of thermal fluctuations. Scatteringmes smaller tham=10"2, the typical number for low mo-
technique is a sensitive tool to measure spatial inhomogengscylar liquids™2 On the other hand, experiments have to be
ities; in particular, the method of small angle neutron Scat-performed very carefully in small temperature steps near the
tering (SANS) has several important advantages as the scagsyitical point.
tering contrast of the two molecular species can be made Thermal fluctuations have been systematically studied in
very large by selective deuteration and as all other scatteringinary polymer blends over the recent years mainly with
contributions are usually weak. small SANS®~7 The outcome of these studies is that in most
Here, we present SANS experiments on several thre€sases the range of relevant thermal fluctuations and thereby
component mixtures consisting of a symmetrical polymere Ginzburg number is at least an order of magnitude larger
blend of similar molecular weight and different amounts of a5, originally estimated. The susceptibility could be ana-
lyzed in terms of a crossover function from which the rel-
dElectronic mail: d.schwahn@fz-juelich.de evant thermodynamic parameters were determined with good
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precision® It was found that the Ginzburg number is a non- scattering length density differencespag)= (paB) — Ps)
universal function; in addition to the degree of polymeriza-are determined by the scattering length densitigg, and
tion it depends sensitively on the noncombinatorial entropypg of the polymers and solvent, respectively. We consider
of mixing which is part of the Flory—Huggins parameter. here polymer chain components of same degree of polymer-
Only in the limit of negligible noncombinatorial entropy of ization which is approximately fulfilled in our case. The cor-
mixing, one gets a universal Ginzburg criterion following a responding cross section is given as
1/N (or 1N; V molar volume scaling behavior. This gener- _
ally means that thermal fluctuations cannot be neglected in d2/d0(Q)=KagPpS(Q) +KpsSer(Q). ©
polymer blends and that a proper crossover function has tdhe first term is determined by the structure facg{Q)
be used to correctly interpret the susceptibility and the cor=®(1—®)VP(Q) being proportional to the polymer form
relation length. For practical purposes one might apply thdactor P(Q), the polymer compositiod, and the polymer
Flory—Huggins mean-field approach also very near the critimolar volumeV, and the total polymer concentratidhp .
cal point in order to obtain some estimation of the phaseéS(Q) is proportional to the polymer form factor only when
boundaries; such a procedure is nothing else as a linearizéhe Flory—Huggins interaction parameter is zero. The second
tion of the temperature-dependent susceptibility which mighterm is represented by the polymer—polymer partial structure
be sufficient for engineering purposes, but not for a correcfactor Spp(Q) describing the overall polymer density fluc-
determination of the thermodynamic parameters. tuations and which would become zero in case of a polymer
We split our presentation in two parts because of thgmelt with ®p,=1. The scattering contrast&,g=(pa
large amount of experimental results and theoretical ideas pe)?/Na and Kps=(p—ps)?/N, are determined by the
behind our experiments. In the present paper, which we wiltoherent scattering length densities of the polymers and sol-
refer to as Part I, we will focus on the“critical behavior” of vent molecules, the average= (P app+ Pgpg)/Pp, and
thermal composition fluctuations and discuss their crossovehe Avogadro numbeN,. The scattering contrasts of the
behavior. In Part l((Ref. 8 we will concentrate on the dis- samples studied here are chosen that the relevant contrast
cussion of the mean-field parameters as evaluated from tH€ag is an order of magnitude larger th&tps (see numbers
crossover function and give an interpretation of the phasé Table Il), which means tha§(Q) is the dominating scat-
boundary and Flory—Huggins parameter in terms of the lattering contribution.
tice cluster theory.

Il. THEORETICAL BACKGROUND B. Structure factor

In this chapter we give a short overview of the theoret-  Thermal composition fluctuations lead to diffuse scatter-
ical background needed. First, we will describe the scatterining of neutrons expressed by the structure fac$0®),
law for polymer blend—solution systems and then discuss thehich at sufficiently smallQ can be approximated by the
susceptibility of thermal polymer composition fluctuations asZimm approximation according to
derived from the scattering law. In particular, we will de- 1 a1 2
scribe the crossover from the situation near the critical tem- S (Q=S(0)+LQ% @
perature to that far from the critical temperature. A detailedThe extrapolated5(0) represents a susceptibility which is
derivation of the scattering law can be found in the textbookrelated to the Gibbs free energy of mixiy, according to
of Ref. 9 and the effect of thermal fluctuations is discussed ifs~*(0)= #*(G,,/RT)/d®? (R gas constant?'°The coeffi-
Refs. 10 to 17. cientL, is determined by the ratio of the correlation length
¢ of the thermal fluctuations and the susceptibility according
to L,=¢2/S(0). Within the random phase approximation
one findsL,=R3/3S(0;I'=0)=2RZI'c/3=(4/3)R3/V (I'c
The macroscopic cross section is generally described as 2/V is the FH parameter at the critical temperature of a

_ 2 polymer blend with equal molar volumé&&=V,=Vg) from
E b; exp(iQr;)| , (1)  which the radius of gyratiorR; can be evaluatet? The

thermodynamic information derived from the susceptibility

with the sample volume/s, the total coherent scattering S(0) represents a property averaged over a macroscopic vol-
length b; of the solvent molecules and the polymer chainume due to the inverse relationship between the reciprocal
monomers, and; their spatial positiond>/d() is a function = momentumQ and real space.
of the momentum transfe@ determined by the scattering
angle ® and the neutron wavelength according to|Q|
=(4m/\)sin®/2. Assuming incompressibility, thereby ne- ~ nean field to 3D Ising crossover behavior
glecting the total polymer fluctuations, one gets with of susceptibility and correlation length

d3/d0(Q)=(INV9)[ApiSantAnhSes 'n polymer blends
+ 20 ppd paSag] @ The degree of thermal composition fluctuations and
PA=PB>AB therebyS(Q) sensitively depends on temperature and pres-
the scattering cross section in terms of the partial structursure. At sufficiently high temperatures above the critical tem-
factorsSyp, Sgg, andS,g of the two polymersA andB. The  perature, the thermal fluctuations can be described within the

A. Scattering cross section of polymer blend—solvent
system

ds/dQ(Q)=(1Ns)
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Gaussian approximation; in this state the system is well de:c'\fFTfl and g:ggﬂFT*l/Z with the corresponding mean-
scribed by the mean-field approximation, e.g., most of thejeld critical amplitudesC¥'" and £} . Within the asymptotic
critical exponents are the sartfeOn the other hand, thermal regime of the 3D-Ising behavior one has-0 andY—0;
fluctuations become strong near the critical temperature Ieaqherefore,Y:(U2A2/T)—A_ From Egs.(5) and (6) one then
ing to nonlinear effects. These nonlinear effects become visgets, withS(0)=C, 7~ ? andé=&,7 *, the asymptotic scal-

ible in scattering experiments by a crossover behavior of thehg laws of the 3D-Ising model. The ratios of the 3D-Ising

susceptibility and correlation length following the universal- and mean-field critical amplitudes are given as
ity class of the 3D-Ising critical behavior asymptotically

close to the critical temperatuté Within the mean-field and  (C+/CYDY ™ V=UPA%,  (&/&)¥ @~ V=U?A% (V)

3D-Ising model the susceptibilit(0) and the correlation jthin the limit of A—o the crossover between the two
length £ are described by simple scaling laws according to,pjyersality classes of mean-field and 3D-Ising behavior is
Cr (&7 ") with the reduced temperature=|T—Tc|/  getermined by a single paramet@rX)? being proportional

T (T¢ critical temperaturg the critical amplitude€(£o) and 5 the Ginzburg number Gi, which we define in accordance

the critical exponenty(v) being equal to 1 and 1.239.003  \ith our earlier work as G#0.0602A 2, so that we finally
(0.5 and 0.6340.00) in the mean-field and 3D-Ising case, obtain, with

respectively'! In order to describe the susceptibility and cor- . ME Ly 1 ME-2/20 1
relation length over the whole temperature range one needsGi=0.069C /CY")Y7"P=0.069&0/&5)?* ™Y, (8)

crossover function, V\.'hiCh we will d?scuss now. relations between the ratios of the critical amplitudes of the
In recent theoretical and experimental work it has beer}sD-Ising and mean-field cage The value of Gi can be iden-
shown that the crossover from mean-field to 3D-Ising behavgigeq \ith the reduced temperature at which the difference

ior could be nonuniversal and rather complex. In theyq 0o the 3D-Ising approximation and the crossover func-
asymptotic critical regime of the 3D-Ising regime the COMe-4ion of Belyakovet al. reaches 109%°

lation length¢ is the only relevant length while in the cross- Within the FH model the susceptibility and correlation
over regime an additional microscopic length could becoquength are, respectively, given &0)=1[2(I'c—®pl)]
relevant and enforce a nonuniversal and nonhomogeneo%%dgzzs(o)L —RT /[2(Te—®pl')]. In the dilution ap-
crossover behavidf'® Such a nonuniversal crossover be- roximation Ozf blgng—solvecnt sPsterﬂé is replaced b
havior has been observed in diluted polymer solvent system(%PF, with ®p being the total p())/Iymer conteit. So, fory

in which the sizg of the.polymer was quite naturally inter- e qoyent systems the mean-field critical amplitudes are
preted as the microscopic length sclén polymer blends, related to the FH parameters according to
so far, S(0) could always be described by a crossover for-

malism derived by Belyakoet al. which represents a uni- cMF=1/2|T .+ (I)PF(,|)=TL\:"F/2(<I>PFh),
versal and continuous crossover function and is solely deter- .
mined by the Ginzburg number; this function will be 6" = V2RI cCye/3=Ry/\3(1+dpl, /T¢), 9

described in the next sectidn.This means that in polymer \ith the correspondingly enthalplé, and entropid”, terms
blends a relevant microscopic length scale did not appear ygjs I'=T,/T-T,.% The expressions of the critical ampli-
and can therefore be neglected. A corresponding Crossovgldes of the mean-field case in HE) and of the 3D-Ising
formalism for the susceptibility and correlation length has55e according t€, =V~ and &=V~ as derived by

been derived from the more general formalism as Binder!” leads to
u*v( 1 Yy |71 i [V V(2N + U(y=1)
S—l(o):(llcl\_CF)TY(’y—l)/A 1+ — | —+ , GIOC[V (ZN (I)PF()')]
A \2A  1-Y and
® (2—2v) 1U(2v—1)
o P 2y~ © Gix[VZ™2(2N + dpl,)] ) (10

and in the case of zerb, to the universal scaling law Gi
taking the wave numbek —o and which corresponds to a «1/V. So, according to its dependence on molar volume a
zero microscopic length?'® Susceptibility and correlation very small Gi is expected in polymer blends if compared
length are a function of the reduced temperature and a crossdth a Gi of the order of 102, which is typical for low
over functionY. The critical exponents are those of the 3D- molecular liquids:®'® On the other hand, it becomes appar-
Ising model andA=0.54+0.03 is a universal correction-to- ent from the large exponents(3+1)=4.23 and 22v—1)
scaling exponent. The crossover functidis either given as =7.46 in Eq.(10) that the entropic ternl’, strongly en-
an implicit function of the inverse correlation length  hances Gi. Such a behavior was indeed found in earlier ex-
=§('\)"F/§ or of the reduced temperatureaccording to Y perimental work; all Gi values are appreciably largar
=(UuA/k)Y"2 or (1-Y)2Y Y2=1U?A?/ 7, respectively. The some cases by two orders of magnitude and even larger than
limit A—co also means that the reduced coupling constanfor low molecular liquid$ compared with the universal\1/
u—0 because of its definition=u/u* A. The parameters  estimation for incompressible melts. This clearly indicates
and u*=0.472 represent the coupling constant in thethat the entropic term’, (according to equation of states
Ginzburg—Landau Hamiltonian and the RG fixed-point cou-theoriesT',, is related to the compressibilty leads to a
pling constant, respectively. For the mean-field approach onstrong increase of thermal composition fluctuations near the
gets, with u?A?/7<1 and Y=1 the scaling laws,S(0) critical temperaturé.’ These large Gi numbers also imply
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the need for a more sophisticated analysis of the scatterinigp the experimental case a crossover from 3D-Ising to a criti-
data using Eqgs(5) and (6). This also means that the FH cal behavior with the renormalized critical exponents is ex-
parameter has to be evaluated from the mean-field criticgbected neallc and is determined as
amplitudes in Eq(9) and from the “mean-field” critical tem- . x
peratureT“c"F, which is related to the “real” critical tempera- v =yl(l=a), vi=vl(1=a), (12
ture T according toTe =T /(1—Gi).*® T¢ is smaller than ~ with the critical exponent=0.11 of the heat capacity.
TYF by some degrees Kelvin because of the stabilization ~For polymer blend—solvent systems the transition tem-
effect of thermal fluctuations. peratureT** or the temperature rangeT** = (T** —T¢)
to a renormalized Ising behavior has been estimated by
Brosetaet al;?? on the basis of mean-field parameters they
found a scaling law according thT** =N"1364"17 This
The analysis of the susceptibility crossover behavior wagyxpression leads to an extemely small temperature interval
performed with an asymptotic crossover function accordinqaround-rC which is not visible in our samples and proposes
to the behavior of a “quasibinary” blend characterized by 3D-
n & (Al (y—1)/A Ising universality neafT-. Extensive studies on polymer
7=(1+2.335(0)77) blend—solvent systems were performed by the group of Nose

X[S71(0)+ (1+2.3338(0)4/7) ¥4, (11)  asreviewed in Ref. 23.

derived by Belyakov and Kiselév'®on the basis of a renor-
malization group approach and arexpansion. The cross-
over functions in Eq.(11) and Eq.(5) should describe a The description of SANS scattering instruments, poly-
similar situation as in both cases a microscopic length scalther synthesis, and sample preparation has already been
was extrapolated to zero. So, we have chosen the more easiien in a former publication where we have studied the
applicable Eq(11) for the analysis which was also success-same dPB/PS blend but without solvéft.
fully used in all our former studies on polymer blerfdsThe
parameters GiCyr, andT¢ in Eq. (11) are the experimental
numbers characterizing the system; the rescaled reduced The scattering experiments were performed at the SANS
temperaturer= 7/Gi is an explicit function of the rescaled diffractometer KWS1 at the FRJ2-reactor of the “Forschung-
susceptibility $(0)= S(0)Gi/Cye; the critical exponentsy ~ szentrum Jich.” ? For these studies a steel-bodied
andA are of the 3D-Ising model. temperature-pressure cell was used which allowsnasitu
change of pressure and temperature in the range of 0.1
<P(MPa)<200 and—20<T(°C)=<200, respectively, with
a temperature control better than 0.01 K. This cell was de-
Three-component samples as polymer blend—solvenje|oped in our laboratory. The sample thickness and its
systems can be considered as quasibinary blends as long gsutron-irradiated diameter were 0.1 and 0.7 cm, respec-
the total polymer concentratiop=®,+ g is constant tjyely. After each change of temperature we waited for half
and thermal fluctuations are only observed for the order pagn hour before proceeding with the neutron measurements in
rameter represented by the composition of one componenfiger to safely achieve a stationary temperature field in the
®=(P,ordg). Under such condition the systems obeysyg|ative large volume of the pressure cell. The temperature of
3D-Ising critical behavior asymptotically close to the critical the sample could be rather accurately determined from the
temperatureTc . If the Gibbs free energy of mixinGn, is  thermocouple and the always existing temperature gradient
considered as the relevant thermodynamic potential, thgetween the sample and the position of the thermocouple.
equilibrium states in blends are determined by the order parhe temperature gradient was determined in a separate mea-
rameter®, the temperature and pressure fields. In polymer—yrement under identical conditions with an additional ther-
solvent systems one has in addition the solvent volume fracmocouple at the sample position. The scattering data were
tion @5 and its conjugate chemical potential according tocorrected for background, detection efficiency of the single
ps=9Gm/dPgp 14 (polymer and solvent concentrations dgetector cells, radially averaged, and calibrated in absolute
give ®p+ ds=1). Both parameters are considered as “hid- pits by a Lupolen secondary standard.
den” variables. In the so-called isomorphism approach dis-  For plend—solvent systems the relationship of the abso-
cussed by Anisimoet al,, the “fluctuation” part of G, is lute macroscopic cross sectiat®/dQ(Q) is given in Eq.
described by the well-known scaling fotfrbeing a function  (3). The scattering experiments were performed in the mo-
of two relevant parameter fields, namely the temperature anghentum transfer range of 0.81Q (A ~1)<0.1 using the set-
the order parameter, both being a function of pressure anghgs ¢ 7 A neutron wavelength, the detector to sample dis-

i 20,21 . . . .
the solvent chemical potentid _ N tances of 4 ath 8 m with the corresponding collimations
Generally, one observes 3D-Ising critical exponentsyistances.

when pressure and the solvent chemical potential fields are
constant during the isochoric approachTg. Experimen-
tally, however, an approach tdo: under the condition of
Ms=const is not possible; such an approach can only be The polymers were synthesized by anionic polymeriza-
realized in samples with homogeneous solvent concentratiotion using high vacuum and break seal technique. Sec.-

E. Susceptibility derived from Belyakov and Kiselev

Ill. EXPERIMENT

A. SANS experiment

F. Hidden variables—Fisher renormalization

B. Polymer synthesis and characterization
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TABLE I. Polymer chain and solvent characteristics. TABLE II. Parameters of the polymer blen@see also results in Fig. 2 of
Ref. 24.
14 1,2(vinyl)
—(CD;—CD=CD—CD,),—(CD,—CD),;, _;— Sample dPB(1,4/PS dPB(1,2; 1,4/
| @, (PB) 0.43+0.02 0.47%0.02
CD=CD, Tc [°Cl at 0.1 MPa 64 72.2
ol borad, o I'c [10 2 mol/cn?] 1.07 1.12
Pol (;)P}l; u? 11)ene PS (C4H o (pre~ppd” [10° cm ] 281
olymer (CaDe) (GsHg)  CeH,CLy 5 [10©cm 2] 3.74 3.99
Vinyl 7 54 . . (p— PS)2 [10210m74] 0.19 0.27
content [%]* dPB (1,4) dPB (1,2: 1,4)
Q [cm®/mol |° 60.4 99.1 112.6
p[10"%cm™2]¢ 6.76 1.46 236 _
o [A] 6.84 6.27 6.74 C. Sample preparation
M,° 2100 1900 1700 . N
V., [em®/mol] 2200 2000 1750 The po_lymer blends were prepared by dlssoly_lng in and
M, IM,° 1.05 1.07 1.069 freeze drying from benzene. The thermal stability of the
N 36.4 33.1 17.2 samples was improved by addition of 0.1% 2,6 di-tert.-butyl-

w

4-methylphenol and by filling them in an argon box into a
leak-proof sample holder. In this way the blends were pro-

*By *C-NMR in CDCI, 'H-NMR for h-PB (1,2).
"Monomer volume: densities: d-PB=1 g/cm®; h-PB=0.9 g/em®; h-PS

= 1,04 gfem’ tected from degradation and cross linking at the experimental
Coherent scattering length density of the polymers determining the neutron temperatures. The solvent ortho-dichloro-benzene was added
scaftering contrast. after the freeze-drying process. The sample was stirred under

dYPQ (\fapor pressure 0s1.n0metry) at T=45 °C in benzene. Their accuracy inert nitrogen atmosphere at approximately 100°C and
is within =5% by SEC in THF.
quenched to 20 °C after half an hour.

In order to measure precisely the effect of thermal fluc-
tuations and their pressure dependence, we had to prepare
samples very near the critical composition. In a first step we

Butyllithium was used as initiator for all polymerizations. therefore determined the binodal and spinodal phase bound-
The purification of solvents and monomers was performe@ries of the three samples without solvent at different com-
according to the standards required for anionic polymeriPositions by SANS measurements. The so-obtained phase
zation?® Protonated polystyrend®S and deuterated polyb- diagrams are shown in Fig. 2 of Ref. 24 and the correspond-
utadiene(d-PB) with 1,4 microstructure were polymerized in N9 critical composition and temperature are given in Table
benzene. The preparation of polybutadienes with an inl!-

creased 1,2 content demands the addition of polar cosol-

vents. TetrahydrofuraiTHF) was the cosolvent for poly- V. EXPERIMENT RESULTS

mers with high vinyl contenfh-, d-PB1,2)] while diethyl
ether was used for the polybutadiene with almost equal disé
tribution of 1,4 and 1,2 units in the chajd-PB(1,2;1,9].

In this section we first present the structure factor, sus-
eptibility, and correlation length as obtained from the SANS
experiments and will then give an interpretation in terms of

) The polydispersityMW/Mn, of the ponmers.was deter- the Ginzburg number and critical amplitudes as drived from
mined by size exclusion chromatography using a Watersy o crossover functions in Eq) and (11)
150C instrument. This instrument was equipped with four '

w-Styragel columns with a porosity range of°200A in  A. SANS data—structure factor, susceptibility,
combination with a refractive index detector. The eluent wasnd correlation length

THF at a flow rate of 1 mL/min, and PS standafdssoh In Figs. 1@ and 1b) the structure facto8(Q) of the
Corporation were used for calibration. In all casés, /M, two dPB/PS polymer blends have been plotted in Zimm rep-
values were smaller than 1.1. The number average moleculagsentation. Both blends are distinguished by their deuterated
weight of the polymersM,,, was measured with a Knauer PB component having different vinyl contefior details of
vapor pressure osmometer at 45 °C in benzene.Mhe&al-  the polymers PS, dRB, 4) and dPR1, 2; 1, 4 see Table]

ues were obtained using a calibration function of the typan these plots the scattering curves follow a straight line in
(AV/c). .o=KMy, wherec is the polymer concentration accordance with Eq(4). Figure 1a) showsS(Q) of four
andAV the change in voltage being proportional to the tem-dPB(1,4)/PS samples mixed with different amounts of sol-
perature difference between the two thermistdrsthe  vent between 0% and 10% and which were measured at am-
calibration constant& and « were determined with benzil bient pressure and at 76.2 °C. With increasing solvent con-
and PS standards of 440M <9600 with an accuracy of tent the scattering power becomes appreciably weaker
about+5%. The 1,2/1,4 composition of the d-polybutadienesbecause of an improved polymer miscibility shifting the
was determined by*C-NMR spectroscopy with a Bruker phase boundary to lower temperatures. Figufie) Shows

300 MHz spectrometer. For the h-PIB2) polymer the com-  S(Q) of the dPR1,2;1,4/PS sample with a fixed 20% vol-
position was additionally determined BM-NMR. The char- ume fraction of the solvent and at constant temperature
acteristic parameters of the polymers are summarized islightly above room temperature but in varying pressure
Table I. fields between 0.1 and 200 MPa. The scattering enhances

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2234 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Schwahn, Frielinghaus, and Willner

8 T T T T 6 T T T T
I Polymer Content dPB(1,4) /PS 1 dPB(1,4) / PS ]
TF m 90% ] 5 P=0.1MPa |]
— [ & 95% 76 9o o ]
ME 6 -‘ vy 9% T=762°C e g Solvent Content
2 5[ e 100% ] = 4
S o)
gt g
V‘o 4. 9 3 [
g °f S 2f
1
1
0 I P TS | R 0
0 2 4 6 8 10 26 2.8 3.0 32
(a) Q' [10* A" (a) T' [107/K]
T T T T 7T T 5_‘"""' T L T
4 50 MPa 41 7 A 00! ]
ME v 100 MPa 0, =80% ) L v 005
® 150 MPa —995° 2 * 0095
S 3F a 200 MPa T=295°C 3 ® 0195
o) g 3L
£ R
<+ o
=] = [
: o~ 2 I 7
—~ o) L
o = |
- v :
75} 1 - i
0 r 1 1 " 1 i 1 1 1 1 n O ]
0 1 2 3 4 5 6 7 8 2.6 2.8 3.0 3.2 34
(b) Q' [10* A7 (b) T [107/K]
FIG. 1. Structure factor of the two binary blends of critical composition in FIG. 2. Inverse susceptibilitd *(0) vs inverse temperature at ambient
Zimm representatioia) at different polymer concentrations afio) at dif- pressure for the different solvent concentrationgainthe dPE1,4)/PS and
ferent pressure fields with the other parameters constant. (b) dPB(1,2; 1,4/PS blendsS(0) was normalized with total polymer con-

centration®p . All blends are very near the critical concentrationSs
=0 could be well approached and the solvent leads to a better polymer

with increasing pressure field indicating lower compatibility compatibility.
at larger pressure fields. The susceptibi{) and the cor-
relation length¢ are obtained from fittings(Q) with Eq. (4) experiments were performed very near the critical composi-
as demonstrated by the solid lines; the susceptibility repretion.
sents the extrapolate®{Q—0) and the slope together with The inverse square of the correlation lengthave been
S(0) delivers the correlation length plotted in Figs. 4 and 5 versus inverse temperature; the ex-
The susceptibility measured under different conditionsperimental conditions of the correlation length corresponds
as microstructure, solvent content, and external pressure fief@ those of the susceptibility in Figs. 2 and 3. The solid lines
is depicted in Figs. 2 and 3 versus inverse temperature. lift Figs. 4—6 represent fits with the crossover function in Eq.
Fig. 2@ and 2b) S™1(0) from the two blend systems are (6) using the same Ginzburg number and critical temperature
shown as determined at ambient pressure field mixed witls for the correspondin§(0). Thecorrelation length shows
five given solvent contents. In both samples a higher solvergualitatively the same behavior &0) and leads to a new
content causes a strong decrease of the critical temperatutegrameter, the critical amplitud.
thereby improving the miscibility. Figures(& and 3b)
demonstrate the effect of pressure; increasing pressure
ways enhances the critical temperature, as is generally ex- The Ginzburg number of various polymer blends has
pected from the Clausius—Clapeyron equaffoft All sus-  been depicted in Fig. 6 versus the average degree of poly-
ceptibilities presented in Figs. 2 and 3 were analyzed withmerization. These data were determined over recent years
the asymptotic crossover function of E@.1) as shown by mainly by SANS from fitting the crossover function of Eq.
the solid lines; the agreement between experiments and1).3672430=33|| data are lying between the two dashed
theory is excellent. From the fit we obtain the critical tem-lines representing a power law with the exponents-@fand
perature, the Ginzburg number, and the mean-field and 3D-2. TheN ! power behavior is consistent with the Ginzburg
Ising critical amplitudes. The critical temperature is definedcriterion in Eq.(10) in case of a zero noncombinatorial en-
to occur atS™(0)=0, which corresponds to an infinite cor- tropy of mixing (' ,=0).! A finite I', and the large expo-
relation length. In nearly all samples we could approach thaent in Eq.(10) are the reason for the relatively large values
critical condition ofS™1(0)=0 very well, indicating that the of Gi which could become even an order of magnitude larger

&1: Ginzburg number
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FIG. 4. Inverse square of correlation length v§ 1 correspondence to

FIG. 3. S1(0) vs inverse temperature for different pressure fields of S~*(0) in Fig. 2.
dPB(1,4)/PS with a polymer concentration ¢d) 0.83. In all cases the pres-
sure field leads to a worse polymer compatibility(in similar experiments

are shown for the dP®,2; 1,4/PS blend. . .
P8.2 1.9 and find a power law with an exponent of abot#4.

In Figs. 8a) and 8b) the behavior of the Ginzburg num-
ber in a pressure field has been depicted for the two blend
in comparison with a typical Gi10 2 of low molecular  systems with 0%, 5%, and 20046)% solvent concentration.
liquids; the Ginzburg number of polymer blends with In all cases we find a strong decrease of Gi in large pressure
larger than 100 becomes equal and less thar?10n the fields and a stronger effect of the more dilute blend—solvent
microscopic scale it is related at least in some part to th@eamples.
compressibility or free volume because of the relationship
between compressibility and,, in the corresponding equa-
tion of states theorie¥. A first experimental proof of these
relationships was the reported decrease of the Ginzburg num- The critical amplitudes of the susceptibility in mean-
ber in a pressure field in Ref. 31. field and 3D-Ising approximation have been plotted in Fig. 9
The effect of solvent on Gi is shown in Fig. 7 for the two as a function of solvent content. Whitgé, shows a slight
dPB/PS blends. Gi has been plotted versus the total polymeéncrease, which is about 20% at 0.2 solvent content and lin-
concentration in double logarithmic scale. A strong increasear within the plotted band, the mean-field amplitudes show
of Gi with solvent content is observed; at 80% polymer con-a decrease, which is linear for the d@B4)/PS and shows
centratimm a 5 to 10times larger Gi is observed than in the some oscillatory behavior for the dPB 2; 1, 4/PS blend.
pure blend. The Ginzburg numbers approximately follow aFor the PB1, 4)/PS sample in double logarithmic represen-
scaling behavior with a large exponent betwee8.6 and tation of the same data versds,, one would obtain the
—10.8. This observation is in strong contrast to theory preexponents of1.1+0.1) and —(1+0.25 for mean-field and
dicting a—2 power-law behavior; the estimation of the2  Ising regimes, respectively, while for the BR2;1,4/PS
exponent was performed within mean-field approach on thélends the corresponding exponents®B5+0.5) and—(2.4
basis of bare parameters from the Ginzburg—Landau-0.5). Putting these exponents into the expressions for Gi
Hamiltonian?? Similar experiments by Noset al. with light one gets the corresponding exponents in Fig. 7 which is quite
scattering also show deviations from the2 power law; in  ftrivial asC, is a derived numbefsee Eq.(8)].
Ref. 23(their Fig. 7 they show Gi from two samples with In Figs. 1@a) and 1Q@b) the pressure dependence of the
much larger solvent concentrations of about 50% and 80%gritical amplitudes of both polymer blends with different

C. Critical amplitudes of susceptibility
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amounts of solvent are shown. The Ising critical amplitude %D
C. is constant with pressure, while a systematic increase of § 4
the corresponding mean-field numb@M™ with pressure is N
observed. The last observation is quite plausible as according o 2
to Eq.(9) CYF is inversely proportional td',, .
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FIG. 6. Ginzburg number vs degree of polymerization from different poly-
mer blends determined over recent years. Whé was predicted as a uni-

0 50 100 150 200
Pressure [MPa]

FIG. 8. Ginzburg number vs pressure field and for three solvent concentra-

versal law for incompressible polymer blends. In reality compressibility tions in the(a) dPB(1,4)/PS and(b) dPB(1,2;1,4/PS blends. In all cases
expressed by a noncombinatorial entropy of mixing has a strong influenceressure reduces the Ginzburg number and thereby the range of strong in-

on Gi.

fluence of thermal fluctuations aroufid .
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FIG. 9. Critical amplitude€ of S(0) vs solvent concentration. The “Ising”

C slightly increases by about 10%; the mean-field amplitude show a rela-

tively stronger decrease of 20%. The dBR;1,4/PS shows a characteristic
oscillation at lower concentrations.

by about 10% for a 20% solvent content. The “Ising” am-

plitudes are smaller than their mean-field numbers and, in-

stead, they increase with solvent content by about 20%. |
addition, they differ in both blends; the PB 4)/PS blend

shows slightly more than 10% larger values. The mean-field

amplitude &, is proportional to the polymer radius of
gyration and the square root of ¢1" . /I"¢c) [Eq. (9)]; the
polymer parameters are very simil@ables | and I} and so

Scattering studies of a polybutadiene/polystyrene blend 2237

the result of equal amplitudes is not surprising. The Ising
critical amplitudes seem to depend more sensitively on
the microstructure of the PB polymer component and may
be affected by the smaller segment length of PB polymer

200
g 150}
e :
3, 0 .
g, 100 5
s 3 :
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S0F -
i o 16% 1
150 | - ]
g i ]
S 50 5
N .
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s0F . ]
[ o 20% ]
T 200 0 0 0 m =
S b A
E 100 . o ] ] E:
ot 50 F 3
0 1 a1 1 il 1
0 50 100 150 200

chains with higher vinyl content; a 62% vinyl content PB
shows a 9.3% smaller segment length than a 7% (see
also Table ).3*

In Figs. 12a) and 12b) the pressue dependence of the
critical amplitudes of both polymers with different amounts
of solvent are shown. The Ising critical amplitudés de-
creases with pressure, whereas the mean-field critical ampl

tude &' increases with pressure. While the first observation

can hardly be interpreted, the latter behavior will be ex-
plained in terms oR, [see Eq(9)], which will be discussed
in Part Il.

E. Renormalization of 3D-Ising exponents

The susceptibility and correlation length depicted in
Figs. 2-5 show a transition from mean-field to 3D-Ising
critical behavior which could mostly be well described by
the crossover functions in Eq®) and(11). This means that
we can consider all samples as quasibinary blend system
The only exception we found is the solvent-free dPB)/PS
blend sample as plotted in Figs.(&Band 13b) at about 2 K

(b) Pressure [MPa]

FIG. 10. Critical amplitudes of5(0) of three solvent concentrations vs
pressure for the two blends i@ and (b). The IsingC_ is constant with
pressure, while for the mean fie@ an increase is observed.

Ic_ording toy/(1—a) andv/(1— «) of susceptibility and cor-
relation length, respectively, and the critical exponent of the
specific heaw=0.11, and, as indicated by the dotted lines, a
slight enhancement of the critical temperature. It furthermore
appears that the correlation length is more sensitive to this
crossover transition.

In some way these results are consistent with former
experiments on dP®,2)/PB plotted in Figs. 142 In this
sample we also found a transition to the renormalized Ising
behavior, however, over a much larger temperature range of
about 18 K(Table 1ll) and an appreciable decreaseTef.
Bigure 14b) shows a double logarithmic presentationLof
determined in Eq(4) versus the correlation length and which
should follow a scaling law according t6”~(?~"*) and

(Table Ill) aboveT: a crossover to a critical behavior was which should be insensitive to the renormalized 3D-Ising
observed showing the renormalized critical exponents acerossover behavidf The position of the crossover &t* is
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tion similar to theC in Fig. 9. The mean-field values of both blends are )
roughly the same and are decreasing. The Ising numbers of both blends are 3.0 s dPB(L,4)/PS; @ =1
. . . 0, . T T v T
different and are increasing by about 20%. A .
25F B
20F \
indicated by the dashed line; no transition is visible. From S A
these findings there appears in “pure” polymer blends an- Z;C L5F
other “third” component active which can only be identified = "
with free volume. v MOE N N NN
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o e 017 ___4K——-—"45" FIG. 13. Near the critical point of the susceptibilitg) and correlation
8r /43—"' 1 length (b) of PB(1,4/PS blend[see Fig. 53)]. Very near the critical tem-
AT perature a crossover to the Fisher renormalized behavior is observed. Such a
ol 7 L7 o . behavior was more expected but not observed in the blend—solution system.
= -g-’:---—{n —————— - FNPISES. o So, it seems that free volume in the form of void density starts to fluctuate
s 6F ::::::5::::::@.“;;;:‘\ ] nearTc.
_‘#: )))) ..
5 ‘ll ------- - ]
4l . ‘ “‘y ------ A V. SUMMARY AND DISCUSSIONS
0 S0 1000150200 We presented extensive research on two dPB/PS blends
@) Pressure [MPa] mixed with different amounts of the nonselective ortho-
. ' _ dichloro-benzene up to 20%. Two polybutadiene components
oL SolventContent B2 LIPS ] different in vinyl content, namely dRB,4) and dPRL, 2; 1,
o . gos 1.214 ] 4) with, respectively, 7% and 54% vinyl content were cho-
gL & & 020 ] sen; both PB components were deuterated for good scatter-
o o ing contrast conditions. These samples were measured with
= TR TR e, small angle neutron scattering in varying temperature and
. P S pressure fields. The thermal composition fluctuations are
= 6 KA O A AT ] characterized by the susceptibili§(0) and the correlation
(& e length &; both parameters are well described in terms of a
5he T R o] universal crossover function describing the transition from
F - P i mean-field to 3D-Ising behavior asymptotically close to the
4l A I critical temperature. This crossover function is a universal
0 50100 150 200 function of the Ginzburg number because the correlation
(0) Pressure [MPa] length is the only relevant length scafe**The same critical

temperature and Ginzburg number were found for the sus-

FIG. 12. Critical amplitudes of correlation length vs pressure for theceptibility and correlation Iength.

two blends in(a) and (b) and with three solvent contents. Globally,
all mean-field and Ising numbers increase and decrease with pressure, re-

spectively.

Here in Part | we concentrate on the discussion of
the critical crossover behavior expressed by the critical
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TABLE IIl. Parameters of Fisher “renormalized” critical behavior.

Sample T** [°C] Tc [°C] y*=2y/(1—«a) 2v*=2v/(1-a) n=(2—vlv)
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

amplitudes of susceptibility and correlation length and the
Ginzburg number, while the Flory—Huggins interaction
parameter and critical temperature is discussed in Part Il
All parameters have to be considered by two aspects,
namely, their dependencies on solvent content and on
pressure.

(1) The critical amplitudes of susceptibility and correlation 2
length are depicted in Figs. 9 to 12. The mean-field am-
plitudes are expressed in terms of the FH parameter and
radius of gyration in Eq(9) and will be discussed sepa-
rately in Part Il. For the “Ising” amplitudes there is no
theory available. Quite generally, they reflect the micro-
scopic nature of a system; various ratios of critical am-
plitudes leads to universal numb&sand in polymer
blendsC, and¢, follow the respective scaling relations
according toV?~ " and V(=" 17 For the susceptibility
critical amplitude we find a slight increase with solvent
content but no pressure dependence. A stronger change
was observed for the correlation length critical ampli- (3)

2.5 T T T ;
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—_ [ 16
2.0 1
[ |'+. y=124 15 ~
= LSE N A v=123 Ja »
g . */ -
% * | 13 &
L R . [
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S . * /’Zv =1.431 .=
S 05¢ * o B
» T =124°C 0
0.0 L 1
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(@) 1T [10°/K]
0.35 T
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0.30 ;
E
=
g :
e 025 : l N:=24v) = (7+09) 10°
- :
T =124°C
0.20 I
30 100 500
(b) E[A]

FIG. 14. (a) Transition ofS(0) and&? to a Fisher renormalization of the
dPB(1,2/PS blend from a former study. In this system the effect is very
much larger. Comparing these data with studies of asymmetric polymer
blend—solvent system, one could speculate that voids are more selective to
the PR1,2) than PB1,4 monomers(b) L, [Eq. (4)] vs £ in double loga-
rithmic scale. The slope of the fitted straight line gives the Fisher exponent
7 regardless of the crossover Bt* .

tude: An 11% larger Ising number has been observed for
the dPR1,4)/PS blend and about a 20% linear increase
with solvent content. Pressure always induces a decrease
which sometimes looks rather irregular, e.g., the 5%
sample[Fig. 12a)] shows a stronger decrease than the
pure blend and the 17% sample.

A remarkably strong increase with solvent content was
found for the Ginzburg number as depicted in Fig. 7;
there, a power law betweer9 and —11 is observed.
This result is in strong contrast to theoretical mean-
field predictions proposing an exponent ef2.2223
Considering the Ginzburg criterion in Eq8) and (10),

it seems that the noncombinatorial Flory—Huggins en-
tropy of mixingI' , must have an important influence on
Gi. Generally, pressure and solvent addition lead to
opposite effects on the Ginzburg number, which might
be caused by, respectively, polymer compression and
dilution.

In the two PB1, 4)/PS and PRBL, 2)/PS blends without
any solvent, we found nedr. a further crossover to the
so-called renormalized Ising behavior showing the renor-
malized critical Ising exponents in accordance with Eq.
(12 (see Figs. 13 and 14The results from the AR,
2)/IPS blend were obtained from former SANS
experiments: This observation appears surprising as we
originally expected such a behavior in the blend—solvent
systems. The crossover to a renormalized 3D-Ising be-
havior was extensively studied in polymer blend—
solution mixtures by Nose and co-workéfsThey found

a similar crossover behavior in strong asymmetric poly-
mer blends mixed with a solvent but not such a transition
in symmetric blends as ours. In this respect our results
are consistent with those of Nos¢ al. However, if we
look to their data obtained from asymmetric blend—
solvent samples a large effect was found if a highly se-
lective solvent was chosen, and only a small effect was
observed in case of a nonselective solvent. This observa-
tion seems rather clear as polymer composition fluctua-
tions and solvent concentration are strongly correlated in
case of highly selective solvents. Their results look
qualitatively very similar to our findings; the dPB
4)/PS blend shows a crossover very n&arsimilarly to
their nonselective solvent case, while the crossover in
dPB(1, 2/PS qualitatively agrees with their system
mixed with a highly selective solvent. Voids or free vol-
ume are present in compressible polymer blends; so, the
free volume might represent a third component leading
to the observed renormalized critical behavior. From
these experimental findings one may speculate about a
possible selectivity of voids in polymer blend systems
(see the corresponding discussions in Part Il
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