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We have studied thermal composition fluctuations of a ternary symmetric homopolymer/diblock
copolymer system of PEE/PDMS/PEE-PDMS@PEE and PDMS being poly~ethyl ethylene! and
poly~dimethyl siloxane!, respectively# in its disordered state with small angle neutron scattering for
concentrationF of diblocks up to 15%. The phase diagram shows three characteristic regimes;~1!
below the Lifshitz concentrationFLL>9%; ~2! in the very near vicinity of the Lifshitz
concentration; and~3! aboveFLL . In the regime~1! of low diblock content the maximum neutron
intensity is obtained atQ50 and phase separation into macroscopic large domains is observed at
low temperatures. With increasing diblock content the thermal fluctuations indicate a crossover from
3d-Ising to isotropic Lifshitz critical behavior with critical exponents of the susceptibilityg
5(1.6260.01) and correlation lengthn5(0.9960.04) appreciably larger than in the 3d-Ising case.
In the structure factor this crossover is accompanied by a strong reduction of theQ2 term leading
to the dominance of theQ4 term; the restoring force of the thermal fluctuations is strongly reduced
as theQ2 term is proportional to the surface energy. Near the Lifshitz critical temperature a further
crossover was observed leading to the appreciably larger critical exponentsg5(2.4460.08) and
n5(1.2260.08) and a stabilization of the disordered regime visible through a decrease of the phase
boundary by nearly 10 K. This crossover is interpreted by the formation of fluctuation induced
inhomogeneous diblock distribution at the interface of the thermal fluctuations.~2! In the
intermediate regime between 9% and 12% diblock content the Lifshitz line was crossed twice upon
increasing the temperature from low to high temperatures; at low and high temperatures the
structure factorS(Q) shows diblock character~maximum ofS(Q) at QÞ0! while at intermediate
temperature blendlike character~maximum ofS(Q) at Q50!. At low temperatures a transition to
a bicontinuous microemulsion phase is proposed.~3! At diblock content of 15% a weak
order-disorder transition was observed. The data in the Lifshitz critical range and larger than the
Lifshitz line could be interpreted by a recently developed theory of Kielhorn and Muthukumar who
considered the effect of thermal fluctuations in ternary homopolymer/diblock copolymer samples
and from which the Flory–Huggins parameter could be evaluated. ©2000 American Institute of
Physics.@S0021-9606~00!50512-1#
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I. INTRODUCTION

The characterization of different states of matter and
phase transitions between them is of fundamental scien
interest. Each phase transition belongs to a universality c
with a set of unique critical exponents describing mate
properties in the vicinity of the phase transition. The critic
fluctuations and the associated classification have been
ied experimentally and theoretically in great details in bo
polymer blends1–5 and in diblock copolymers.2,6–8 Upon ap-
5450021-9606/2000/112(12)/5454/19/$17.00
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proaching the critical point by changing the external fie
such as temperature a crossover from the universality cla
of mean field to a ‘‘fluctuation’’ renormalized state is ob
served. The renormalized state is for homopolymer blend
the 3d-Ising universality class3,4 while the state of diblock
copolymers is of the Brasovskii type.6–8 The temperature
defining the crossover from mean field to renormalized cr
cal characteristics is estimated by the Ginzburg criteri
which in the incompressible mean field theory predicts a 1N
and 1/AN ~N is degree of polymerization! scaling behavior
4 © 2000 American Institute of Physics
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for blends1,2 and diblock copolymers,6 respectively. In real-
ity, however, the renormalized ranges appear to be sig
cant larger in both blends5 and block copolymers.7 In blends
the larger 3d-Ising critical range has been attributed to
effect of compressibility,9 and it is likely that this also plays
an important role in the critical behavior of copolymers.10

When systems belonging to different universality clas
of critical phenomena are combined, the various phase t
sitions influence each other and create new phenomen
this paper we investigate the interference of macroscopic
microscopic phase transitions in a model polymer sys
composed of a critical blend of two homopolymers mix
with small amounts of the corresponding symmetri
diblock copolymer. The molar sizes of the ternary syst
have been tuned in such a way, that the critical tempera
of the pure homopolymer blend is closely matched to
order–disorder temperature of the pure diblock copolym
With the molar volumesVA5VB for the homopolymersA
andB and with the molar volumeV for the diblock copoly-
mer, the Flory–Huggins parametersG must then obey the
conditionsGODT>GC , GODT andGC representing the Flory–
Huggins parameter of the diblock copolymer and the blen
the order–disorder transition and at the critical point, resp
tively. Within mean field approximation the molar volume
must fulfil the ratioV/VA5V/VB>5. To first order the com-
bined effect of the enthalpy and the entropy of mixing sho
neither increase nor decrease the line of critical points
such homopolymer/copolymer phase diagram. Still, beca
of the loss in configurational entropy in the ordered pha
GODT will decrease upon the addition of homopolymers.11 If
more homopolymer is added, the microdomain size conti
ously increases until in the thermodynamic limit atQ* 50
where the domains are of macroscopic size. Thus, in m
field theory the critical lines of a homopolymer mixture a
the corresponding diblock copolymer meet together at a m
ticritical point. This point represents a new universality cla
which is generally referred to as the isotropic Lifsh
type.11–13

The critical behavior near the Lifshitz critical point
expected to be strongly influenced by thermal fluctuatio
giving rise to larger critical exponents, and suppression
the phase boundaries. This is a consequence of the l
critical dimensions relative to the dimensional space,m, in
which the wave vector instability occurs, and which for t
studied polymer system is withm5d53 equal to the dimen-
sion of space. It is the current belief that the upper criti
dimension for the isotropic Lifshitz point isdU58.12–14This
large value ofdU makes it further difficult to calculate criti
cal exponents by the usuale[(dU2d) expansion technique
it should be compared with the upper critical dimension
binary blends, wheredU54.

In a recent study on a ternary system of relatively h
molar mass symmetric polyolefins composed of two h
mopolymers and the corresponding diblock copolymer: P
PEP/PE-PEP@PE being polyethylene and PEP being po
~ethylene propylene!#, mean field Lifshitz-type behavior wa
observed near the predicted isotropic Lifshitz critical point15

the critical exponents of the susceptibility and correlat
length were determined withg51 and n50.25, respec-
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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tively, and the structure factor followed the characteris
mean field Lifshitz behavior,S(Q)}Q24. This is opposed to
the commonS(Q)}Q22 characteristic known for binary
blends, and is observed for samples of less copolym
content.15 In the very near vicinity of the mean field Lifshit
critical point, however, the influence of fluctuations clea
manifested itself by the absence of the Lifshitz critical poi
and instead the appearance of a one-phase channel of
meric microemulsion.16 An equivalent one-phase gap wa
observed between the micro- and macrophase sepa
states in the more low-molar mass system of PEE-PDM
PEE and PDMS being poly~ethyl ethylene! and poly~dim-
ethyl siloxane!, respectively.17–19 Moreover, in the near vi-
cinity of the mean field Lifshitz point, this system showe
critical exponents that are significantly larger relative to bo
mean field and 3d-Ising behavior.17 In another SANS study
on the PE-PP, PE, and PP mixture, PE and PP being p
~ethyl ethylene! and head-to-head poly~propylene!, respec-
tively, a qualitatively similar phase behavior was found;
particular, the microemulsion phase could be identified
the use of contrast variation technique.20

In the present paper further detailed experimental res
obtained from small angle neutron scattering~SANS! are
presented on the latter PEE/PDMS/PEE-PDMS system.
of the experimental data ranging from pure homopolym
blend to the regime close to the Lifshitz concentration,FLL

>0.09, have already been published in Ref. 17. In that p
lication we focused on the crossover phenomena from m
field to 3d-Ising critical behavior characteristic for pu
blends and small values ofF, and from mean field to Lif-
shitz critical behavior nearF5FLL . The critical exponents
of the Lifshitz critical point and the Ginzburg number a
appreciably larger than for the 3d-Ising case as expec
from the larger upper dimension, as summarized in Fig.
below, and as given in Table V and VI. In the following w
will present experimental data below and above the Lifsh
line and give an interpretation mainly on the basis of t
Kielhorn–Muthukumar theory.13 In the first part we will re-
view some of the main theoretical background of the pres
work and then present the experimental data and their an
sis.

II. THEORETICAL BACKGROUND

The investigated ternary mixtures of a critical bina
polymer blend and the corresponding copolymer were
ways prepared as a symmetric mixture with equal amount
the two monomers by the same homopolymer concentra
and a symmetric diblock copolymer. As one of the mon
mers was partially deuterated with the same degree of d
terium, according to the neutron scattering contrast the st
ture factor measures thermal composition fluctuations w
respect to the total monomer fractions and which cor
sponds to a scalar (n51) order parameter represented by t
local concentrationF5F(r ). The basic thermodynamic fea
tures of those systems near their consolute line are s
ciently well described by the common Landau expansion
the free energy according to
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



uc
il

te
nt
ca
-

n

th
d
t

c

, t

r-
o

m
as

-

nt
q

po
in
ap

or
e

er-

f

to
sed
of

ter-

-

ck

the

ility,
tz

ted
r.

5456 J. Chem. Phys., Vol. 112, No. 12, 22 March 2000 Schwahn et al.
H5
1

2 E ddx$c2~¹F!21c4~¹2F!21rF21uF4

1u6F6% ~1!

with this order parameter.21,22 A principal effect of diblock
copolymers dissolved with a homopolymer blend is a red
tion of the surface energy which according to the Ham
tonian, Eq.~1!, is described by a reduction of the parame
c2 . This parameter is positive at low copolymer conte
becomes zero at the concentration of the Lifshitz criti
point ~Lifshitz line!, and negative for large copolymer con
tent. The Hamiltonian Eq.~1! accounts for the compositio
fluctuations in the homogeneous~disordered! one-phase re-
gime. The composition fluctuations are described by
structure factorS(Q), Q being the momentum transfer, an
can be measured directly in a scattering experiment as
scattered intensity withQ given byQ5(4p/l)sinu, l being
the wavelength of the used radiation, andu being half of the
scattering angle.

For positivec2-values the structure factorS(Q) as ob-
tained from the Hamiltonian, Eq.~1!, has the characteristi
behavior of polymer blends;S(Q) is maximum atQ50, and
the susceptibility,r 21, is correspondingly given by this
S(Q50) value,r 21[S(0). At the critical temperatureTC

of macrophase separation the susceptibility diverges, i.e.
inverse susceptibilityr[S21(0) is zero. For negative
c2-values the structure factor,S(Q), has the basic characte
istics of block copolymer melts, i.e., the maximum value
S(Q) appear at a finiteQ-value,Q5Q* . The susceptibility
is then given by the structure factor at thisQ* -value. Within
mean field theory of symmetric copolymers theS(Q* )-value
will diverge at the critical point, and beyond that the syste
will order on a mesoscopic length scale through microph
separation.

The Lifshitz critical point is determined by the two con
ditions c250 andr 5S21(0)50. With c2>0 in the vicinity
of the Lifshitz point, the forth order term of the gradie
energy,c4 , becomes a leading term in the free energy, E
~1!, giving rise to the characteristic LifshitzS(Q)}Q24 be-
havior of the structure factor.

A. Structure factor of a three component polymer
blend–diblock copolymer mixture in mean
field approximation

The expression for the structure factor of a three com
nent mixture of a polymer blend and the correspond
diblock copolymer is described within the random phase
proximation according to6,8,13

S21~Q!5F~Q!/V22G, ~2!

whereG is the effective Flory–Huggins~FH! parameter,G
5Gh /T2Gs , including both an enthalpic term,Gh and an
entropic termGs . F(Q) is the inverse form factor, which
can be calculated in terms of the partial structure fact
SAA , SBB , and SAB describing the correlation between th
monomers of typeA andB,11

F~Q!/V5
SAA~Q!1SBB~Q!12SAB~Q!

SAA~Q!SBB~Q!2SAB
2 ~Q!

.
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For a ternary system composed of a critical mixture ofA and
B homopolymers of equal volume,VA5VB , and conforma-
tion ~and thereby also of equal concentrationFA5FB and
equal partial structure factorsSAA andSBB , SAA5SBB! and
an AB diblock with volumeV, F(Q) can be reduced to

F~Q!/V52/@SAA~Q!2SAB~Q!#. ~3!

Assuming that the polymers in the mixture remain as unp
turbed Gaussian chains,F(Q) can be written in terms of the
Debye-function,

gD~x!52@ f x1exp~2 f x!21#/x2

as

F~x!54/@~12F!agD~1, xa!2FgD~1, x!

14FgD~0.5, x!#, ~4!

where x5Rg
2Q2, Rg being the radius of gyration of the

diblock copolymer; anda the ratio of the molar volumes o
the homopolymers relative to the diblock copolymer,a
5AVAVB/V.8,13Figure 1 shows the inverse form factorF(x)
given by Eq. ~4!, as calculated with parameters equal
those of the experimentally investigated samples discus
below and given in Table I. Form the minimum values
F(x) one gets both the Flory–Huggins parameterGS at the
spinodal and critical point, and the corresponding charac
istic Q5Q* value. For concentrations,F, smaller than the
Lifshitz critical value according toFLL52a2/(112a2)
50.0596 the critical point occurs forQ50, corresponding to
macrophase separation.11,23 For largerF the maximum oc-
curs at a steadily growingQ* value, corresponding to mi
crophase separation. These critical values of (GS ,Q* ) are
depicted by the open circles in Fig. 1, and plotted vs diblo
concentrationF in Figs. 2~a! and 2~b!. The values forGS are
further summarized in Tables II and III.

The structure factor in Eqs.~2! and~3! can be expanded
into powers ofQ2,

S21~Q!5S21~0!1L2Q21L4Q41¯ , ~5!

with the coefficients given in terms of the parameters of
Hamiltonian in Eq.~1!. The first term isS21(0)5r , as dis-
cussed above, and equal to the inverse susceptib
S21(0)52(GS2G), for concentrations less than the Lifshi

FIG. 1. Inverse form factor for different diblock concentrations calcula
based on Eq.~4!. The circles indicate the maximum value of the form facto
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 21 De
TABLE I. Sample characteristics.

Sample Polymer blend Diblock copolymer

Polymer Polyethyl-
ethylene

Polydimethyl-
siloxane

Polyethyl-
ethylene

Polydimethyl-
siloxane

Chem structure PEE PDMS PEE PDMS
(C4H5.2D2.8) (SiOC2H6) (C4H5.2D2.8) (SiOC2H6)

d ~g/cm3! 0.91 0.98 0.91 0.98
V ~cm3/mol! 66 77.7 66 77.7
s ~Å! 5.35 5.92 5.35 5.92
Scibi /V i (1010 cm22) 1.79 0.0628 1.79 0.0628
VW ~cm3/mol! 2010 2270 12000
N 30.5 29.2 168
Volume fraction PEE F50.516 f 50.5
GS(1023 mol/cm3) 0.942 0.875
-

ce

ld
.

d/
x-

his
e

po-
x-
ma-

he
ure
value. The coefficientsL2 andL4 are proportional to, respec
tively, c2 and c4 in the Hamiltonian Eq.~1!, and can be
determined in terms of the polymer parameters and con
tration F,13

c2;L25~Rg
2/V!@4a2~12F!22F#/@3a2~12F!2#, ~6a!

c4;L45~Rg
4/V!@~12F!2~4a4116a229a14!

2~12F!~16a229a18!14#/@36~12F!3a3#.

~6b!

At the Lifshitz concentration, the characteristic mean fie
behavior,S21(Q)}Q4, clearly appears from this equation
c 2006 to 134.94.122.39. Redistribution subject to AIP
n-

B. Effect of thermal fluctuations in blend Õcopolymer
mixtures

Near the Lifshitz line of a three component blen
diblock mixture thermal composition fluctuations are e
pected to become strong as its upper critical dimension,dU

58, is twice as large as that of binary polymer blends. T
large value ofdU is related to the reduction of the surfac
energy described through thec2-term in the Hamiltonian, Eq.
~1!, and which acts as a threshold force for thermal com
sition fluctuations. The structure factor of blend/diblock mi
tures was recently derived beyond the mean field approxi
tion by Kielhorn and Muthukumar.13 They used the Hartree
approximation in the Brazovskii formalism, equivalent to t
procedure developed by Fredrickson and Helfand for p
l
f

f

-

.

t

FIG. 2. ~a! Theoretical Flory–Huggins
parameter at the spinodal and critica
point evaluated from the minimum o
F(x) in Fig. 1. ~b! The value ofQ
5Q* representing the maximum o
S(Q) evaluated fromF(x) in Fig. 1.
Below the Lifshitz line Q* 50 and
near the Lifshitz lineQ* follows a
scaling behavior with good approxi
mation.~c! First and second derivative
of the second order vertex function
~d! Fourth order vertex function for
various a5ANPEENPDMS/NPEE2PDMS

and diblock concentration. Note, tha
the concentrationF of ~d! covers the
range 0–1, while that of~a!, ~b!, and
~c! covers 0–0.2 only.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Parameters of samples larger than Lifshitz line from the structure functionS(Q).

F ~%! TODT °C G G̃i GS(1023 mol/cm3) Gh ~mol K/cm3! Gs(1024 mol/cm3) GODTV

9.3 63 0.187 1.560.1 1.025 0.3360.005 2.260.2 ¯

10 81 0.396 1.360.5 1.029 0.5260.01 2(2.960.3) ¯

10.9 75 0.325 1.160.3 1.032 0.4360.005 2(0.6560.12) ¯

12.1 37 0.464 1.260.1 1.036 0.4460.005 2(0.8460.15) ¯

14.9 30 0.456 1.360.1 1.041 0.3960.004 0.1860.09 15.3
100a 83.3 0.54 1.460.2 0.875 0.2960.04 2(2.760.6) 13

aHas been evaluated from the Fredrickson–Helfand theory@Eq. ~17!# with N̄5900 as evaluated assumings
56.5 Å.
p

e
in

on
o
e

re
-

rm

b

a-

,
by

e
l-
of
ef.
ill

:
-

diblock copolymer melts.6 The structure factor, Eq.~2!, was
thereby approximated and parameterized into a more sim
form according to

S21~Q!5a/~b1Q2!1c1dQ2 ~7!

with the parameters,a[A/(s2V), b[B/s2, c[C/V, and
d[Ds2/V, wheres is the statistical segment length of th
copolymer and is related to the radius of gyration accord
to Rg

25s2V/6V5s2N/6, V and N being the respectively
monomer molar volume and the degree of polymerizati
The effects of thermal fluctuations are included by the ren
malized parametersA, B, C, andD. These parameters wer
calculated assuming that the general shape ofS(Q) is unal-
tered compared to the mean field result. The detailed exp
sions are given in Eqs.~3.9!–~3.12! of Ref. 13. The suscep
tibility S(Q* ) is thereby given in the form of

S21~Q* !52@GCV2G renV#/V ~8!

with the renormalized Flory–Huggins parameterG ren that in-
cludes the effect of thermal fluctuations. The detailed fo
of G ren is given separately for the two cases,F.FLL and
F,FLL corresponding to the susceptibility represented
respectivelyS(Q* ) at finite Q* and S(0). In the ‘‘block
copolymerlike’’ case ofF.FLL , G ren is given as13

G renV5GV2GA6x* d1

3
b/Q* 22A11b/~dQ* 4S~Q* !!1221/~dQ* 2S~Q* !!

A1/~dQ* 2S~Q* !!2212A11b/~dQ* 4S~Q* !!]
.

~9!
c 2006 to 134.94.122.39. Redistribution subject to AIP
le

g

.
r-

s-

y

The parameterG is determined by the degree of polymeriz
tion N, the monomer molar volume,V, and the relative vol-
ume fractions of the polymer componentsFA , FB , andF
according to

G5
NG4~0,0!

16pAd1
3

1

AN̄
~10!

and with the parametersd andd1 given by@Eq. ~3.9! in Ref.
13#,

d[d1s2/V; d151/$12~FA1 f F!@FB1~12 f !F#%.
~11!

The parameterG4(0,0) is the fourth order vertex function
which was evaluated by the same procedure as used
Leibler8 but is a function off, FA , FB , anda.13 In Fig. 2~d!
for the studied samples the numbers ofNG4(0,0) have been
given for various diblock concentrationsF and a. The pa-

rameterAN̄5(R0
3/V) ~R05A6Rg is the end-to-end distanc

of the polymer! is the average number of chains in the vo
ume R0

3; its reciprocal value is a measure of the effect
thermal fluctuations as discussed for blends on p. 112 of R
1 and therefore proportional to the Ginzburg number as w
be defined in Eq.~18!. The value ofN̄ was estimated with
900 assuming a mean statistical segment length ofs
56.5 Å ~Fig. 19!. There exists the following identity
dQ* 2V[6d1x* , i.e., Rg

2[dV/6d1 . So, the statistical seg
ment lengths can be evaluated from the parametersd and
d1 and the monomer molar volumeV according to s
5AV(d/d1).
by

TABLE III. Parameters of samples less than the Lifshitz concentration evaluated from the susceptibilityS(0)
with Eq. ~12! and the crossover function~1!. The 0 and 4.3 samples could not appropriately be described

Eq. ~12!. N̄5900 was evaluated assumings56.5 Å.

F ~%! TC ~°C! G GS(1023 mol/cm3) Gh(mol K/cm3) Gs(1024 mol/cm3) b0 c0
a

01 141.4 ¯ 0.937 0.44 1.14 ¯ ¯

4.31 129.7 ¯ 0.984 0.44 1.34 ¯ ¯

6 121.2 0.41 1.002 0.4460.01 1.1760.09 0.0160.005 0.25
6.7 104.9 0.4 1.008 0.3660.01 2(0.960.2) 0.2960.05 0.19
7.4 109.5 0.39 1.014 0.3160.005 2(2.260.1) 0.0460.01 0.14
8.3 86.7 0.39 1.02 0.3560.008 2(1.160.2) 0.460.05 0.06

aCalculatedc0 .
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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In the ‘‘blendlike’’ case ofF,FLL , where the suscep
tibility is represented byS(0), the renormalized FH-
parameter is given according to Ref. 13,

G ren5GV2G@b02V/S~0!

2Ab0V/S~0!#/AV/S~0!1b0c012Ab0V/S~0!

~12!

with the parameters,b0512d1(6d12NG28(0))/(NG29(0))
andc05NG28(0)/6d1 , NG2(x) being the second order ve
tex function8 which within mean field approximation is equ
to the inverse structure factor according toNG2(x)
[V/S(Q).13 Its derivatives with respect tox are obtained
from Eq. ~5! according toNG28(0)5L2V/Rg

2 and NG29(0)
50.5L4V/Rg

4; both derivatives ofG2(0) have been plotted in
Fig. 2~c!.

C. The scaling ansatz for blend Õcopolymer mixtures

The decrease of the surface energy with increasing
polymer content leads to a structure factor near the crit
temperature, which in analogy with the mean field case,
~5!, can be given as

S21~Q!5S21~0!1 l 2Q21 l 4Q4, ~13!

with the coefficientl 4 of the additionalQ4 term proportional
to the c4 term in the Hamiltonian, as discussed above. F
convenience the structure function is written in the followi
form:12

S21~Q!5S21~0!@11~Qj!21Kp22~Qj!4#, ~14!

where the susceptibility according to scaling laws follow t
relation,

S21~0!5C1
21tg ~15!

with the reduced temperaturet5(T2TC)/T, and the critical
amplitudeC1 .21 The parameterj, given by

j5AS~0!l 2

is the correlation length of the thermal fluctuations and
prefactorKp22 is given as

Kp225 l 4 /~ l 2
2S~0!!.

The parameterp is a scaling field amplitude, which is give
by the square gradient term of the Hamiltonian Eq.~1! as

p5c2 /A4c4ur u5c2 /A4c4uS21~0!u

and is thus a measure of the deviation from the Lifsh
point.12

At the Lifshitz critical temperature the correlation leng
j losses its meaning asl 250. j has then to be redefined from
the then dominatingQ4 term in Eq.~14!; the corresponding
scaling fieldp is constant. At smaller copolymer content, t
Q4 term in the structure factor in Eqs.~5! and~15! becomes
negligible, andj follows the usual scaling lawj0t2n;p is
given asp2}j (21h)/ l 4 and l 2 as l 2}jh ~Ref. 24! with the
Fisher exponenth522g/n obtained from the critical expo
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nentsg and n of the susceptibility and correlation length
respectively.j andp become accordingly both infinite at th
critical temperature.

The Lifshitz critical point leads to a new critical expo
nentbQ describing the change inQ* with F. By increasing
the copolymer content past the Lifshitz concentration, i.e.
the rangeFLL<F<1, Q* changes from zero to finite value
according to the scaling law22

Q* }uF2FLubQ. ~16!

The exponent is found to be,bQ50.4 according to the re-
sults in Fig. 2~b!, it is a theoretical result within mean fiel
approximation.

D. Effect of thermal fluctuations in diblock
copolymers

Composition fluctuations indiblock copolymersare rel-
evant only on the length scale of polymer chains. This is
reason thatS(Q) shows an interference peak at a finite val
of Q* . The renormalized Flory–Huggins parameter f
diblock copolymers can be approached from Eq.~9! in the
limit b/(dQ* 4S(Q* ))!1 according to

G renV5GV2G̃iAS~Q* !/V1G/AS~Q* !/V ~17!

with the Ginzburg number G˜ i

G̃i56x* d1G~11b/Q* 2! ~18!

and with x* 5(RgQ* )2 as before.13 The corresponding ex
pression forG ren derived for pure diblock copolymers b
Fredrickson–Helfand,6

G renV5GV2G̃iAS~Q* !/V ~19!

is the same as Eq.~17! with the third term equal to zero.

E. Effect of thermal fluctuations in polmer blends

The theoretical approaches for the susceptibility of po
mer blends is conceptually different from those of the abo
discussed ones for block copolymer like systems. In cas
polymer blendsthe susceptibilityS(0) is interpreted with the
asymptotic crossover model derived by Belyakov a
Kiselev,25,26

t̂5~112.333Ŝ~0!D/g!~g21!/D

3@Ŝ21~0!1~112.333Ŝ~0!D/g!2g/D#. ~20!

The exponentsg>1.24 andD50.5 are the critical exponent
of the 3d-Ising model. The rescaled reduced temperatut̂
5t/Gi (t5uTC2Tu/T) is formulated as a function of the
rescaled susceptibilityŜ(0)5S(0)Gi/CMF . The parameters
Gi, CMF , andTC are the experimental parameters charac
izing the system. Gi is the Ginzburg number andCMF the
mean field critical amplitude ofS(0). In theasymptotic lim-
its t@1 and t!1 the susceptibility in Eq.~20! follows the
well-known scaling lawsS(0)5CMFt21 of the mean field
approximation, andS(0)5C1t2g of the 3d-Ising model, re-
spectively. Experimentally,S(0) is obtained from the
Ornstein–Zernike approximation,21
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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S21~Q!5S21~0!1 l 2Q2.

The Ginzburg number is related to the ratio between
critical amplitudes of the 3d-Ising and the mean field susc
tibilities according to Refs. 5, 21, and 26

Gi50.069~C1 /CMF!1/~g21!. ~21!

Within the FH-model the susceptibility is given asS(0)/V
5@2(GCV2GV)#21 with the FH-parameterG5Gh /T2Gs

and the respective enthalpic and entropic contributionsGh

andGs ~Refs. 1 and 2!. The mean field critical amplitude i
thus related to the FH-parameters according to

CMF51/2uGS1Gsu5TC
MF/2Gh ~22!

which in the limit Gs50 leads to the scaling relation G
}V21 ~Ref. 5!. In order to evaluate the enthalpic term o
needs the ‘‘mean field’’ critical temperatureTC

MF which is
related to the ‘‘real’’ critical temperatureTC according to
TC

MF5TC /(12Gi) ~Ref. 26!. Thermal composition fluctua
tions stabilize, in analogy with the block copolymer system
the disordered phase of the system, and lower therebyTC .

III. EXPERIMENT

Small-angle neutron scattering technique was used
measure the structure factor of thermal composition fluct
tions in a number of ternary mixtures of similar size PEE a
PDMS homopolymers and symmetric PEE-PDMS diblo
copolymer with varying concentrationsF ranging from vol-
ume fractionsF50 to F515%. PEE is the acronym fo
partially deuterated poly~ethyl ethylene!, and PDMS is
poly~dimethylsiloxane!.

A. Sample preparation

The homopolymers PEE and PDMS and the symme
diblock copolymer PEE-PDMS were all synthesized by a
ionic polymerization followed by catalytic hydrogenation.27

The PEE-monomers were partly deuterated during the c
lytic saturation. Based on the measured densities, the ch
cal formula of the PEE monomers in both the homopolym
and the block copolymer are of C4D2.8H5.2. The degree of
deuteration was not measured independently, but it is kno
that only limited isotope exchange takes place during suc
process.28 The level of exchange depends on the react
conditions. The samples were all saturated under similar c
ditions and the measured densities are consistent with
equal degree deuteration. The molecular characteristics
summarized in Table I. The ratio of the degree of polym
ization of the homopolymers and copolymer isa
5ANPEENPDMS/NPEE-PDMS50.178.

B. Small-angle neutron scattering

The scattering experiments were performed at the KW
small-angle neutron scattering~SANS! diffractometer at the
FRJ-2 research reactor of the Forschung Zentrum, Ju¨lich
~FZJ!.29 The composition fluctuations were measuredin situ
at the corresponding temperatures. The scattered neutro
tensity was corrected for background contributions and c
brated in absolute units by a Lupolen secondary standar
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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IV. EXPERIMENTAL RESULTS AND INTERPRETATION

A. Phase diagram

The phase diagram of the ternary PEE/PDMS/PE
PDMS mixture with the near critical PEE/PDMS blend a
the diblock copolymer of contentF is shown in the range o
F50 – 20% in Fig. 3. It was determined from the behav
of the susceptibility at the phase boundaries as will be d
cussed in the following. The phase diagram in Fig. 3 w
give us orientation in the presentation of the experimen
data. A phase diagram of this system including the wh
concentration range is published elsewhere.18

The phase diagram in Fig. 3 is divided into five section
The disordered regime at high temperatures is separate
the Lifshitz line~LL !. At F lower than the Lifshitz line, the
maximum intensity occurs atQ50 while for F larger than
the Lifshitz line the maximum intensity is observed at a fin
Q* -value. Theoretically, the Lifshitz line is estimated to b
6% according toFLL52a2/(112a2) ~Ref. 11!. The ob-
served Lifshitz line, however, is observed at a largerF and it
depends on temperature; its smallest Lifshitz concentratio
found at 9.3% and its largest value around 100 °C at 10.9
At low and high temperatures the Lifshitz line appears co
stant at about 9%. For block copolymer contents above
Lifshitz line mesoscopic ordering is expected to occur bel
an ordering temperature. Such an ordering was obser
however, only for copolymer contents atF514.9% and
above. BelowF514.9% experiments were performed
some cases down to210 °C without any indications of an
ordering transition from the susceptibility alone. Appare
changes in the temperature dependence of the Flo
Huggins parameter@Fig. 18~a!# and changes in the tempera
ture and concentration dependence ofQ* nearT565 °C and
F>11.5% ~Fig. 10! give further indications of a crossove
to a separate regime between 9% and 14% diblock con
which together with the results in Ref. 16 has been int

FIG. 3. Experimental phase diagram of PEE/PDMS/PEE-PDMS. The fi
circles ~d! represent the critical temperatures of the 3d-Ising and isotro
Lifshitz case separated by the dashed area, the open circles~s! the critical
temperatures of the renormalized Lifshitz case, the solid square~j! the
binodal, the diamonds~l! the order–disorder transition, and the triangl
~,! the Lifshitz line, and the open squares~h! are the crossover to micro
emulsion characteristics. The order–disorder transition atF50.18 was in-
dependently determined by rheology.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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preted as a bicontinuous microemulsion phase and whic
indicated by the symbolmE in the phase diagram.

For F below the Lifshitz line, ordering occurs on a ma
roscopic scale by phase separation. The binodal and the
odal phase boundaries are depicted in the phase diag
The F50 system is at a slightly off-critical concentratio
while for the systems with finite copolymer content critic
behavior was observed where the phase decomposition c
cided with infinite susceptibility. So, the solid line represe
the critical points. The Lifshitz critical point is a multipl
critical point connecting the line of transitions to macropha
separation with the line of microphase separation, as alre
discussed in the theoretical parts above. The Lifshitz po
can, however, only be realized within mean field approxim
tion; according to the Ginzburg criterion thermal fluctuatio
stabilize the disordered phases differently in blends and
diblock copolymers and thereby destroy the Lifsh
point.11–13The phase diagram shown in Fig. 3, including t
ordered mE-phase is qualitatively similar to the diagra
found in an analogous polymer mixture o
PE/PEP/PE-PEP.16

B. Structure factor and susceptibility below the
Lifshitz line

In Fig. 4 the structure factorS(Q) of three samples with
copolymer content below the Lifshitz line has been plot
for various temperatures vs the momentum transferQ in
Zimm representation, e.g.,S21(Q) vs Q2. The solid lines
represent fits of Eq.~13! from which three parameters
namely the susceptibilityS(0) and the coefficientsl 2 and l 4

are obtained. AtF54.3%S(Q) is sufficiently well described
by the Ornstein–Zernike approximation withl 450 similarly
to blends. For largerF theQ4 term inS(Q) becomes visible
as demonstrated for theF56% and 8.3% samples and b

FIG. 4. Structure factor in Zimm representation for three diblock conc
trations. At 4.3%S(Q) is described by the Ornstein–Zernike law, at 6% a
above contributions from theQ4 term becomes visible.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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comes more relevant for the 8.3% sample as is expe
from the reduction of the surface energy caused by
diblock component.

In Fig. 5 the inverse susceptibilityS(0) has been plotted
vs the inverse temperature 1/T for the five investigated
samples withF less than the Lifshitz line. The critical tem
peratures determined fromS21(0)50 decreases with in-
creasingF; the solid and open points in the phase diagram
Fig. 3 depict them. TheF54.3% sample behaves similarl
to pure blends;S21(0) shows at high temperature mean fie
characteristics, and near the critical point 3d-Ising critic
behavior with a crossover regime given by the Ginzbu
number in Eq.~21!. This is demonstrated by the correspon
ing fitted solid line obtained from the crossover function
Belyakovet al. in Eq. ~20!.25,26 This crossover function ha
successfully been used by us for the interpretation of po
mer blends.5 The second dashed line in the figure represe
the asymptotic 3d-Ising scaling law with the critical exp
nentg51.24 as calculated from the parameters of the cro
over function.

The susceptibilities of the other samples plotted in Fig
with slightly largerF could be analyzed with the expressio
of the susceptibilityS(0) derived from Eq.~8! with Q* 50
and the corresponding renormalized FH-parameter of
~12!. The fits are depicted by solid lines; they describe
stronger curvature of the experimental data rather well.
the 8.3% sample the data points nearTC are not well de-
scribed andTC is fitted at a lower temperature. The param
eters obtained from the fit are the FH-parameterG, and b0

andc0 . The two latter parameters are related to the first a
second derivative of the second order vertex function aQ
50 as discussed in Sec. II B. Their numerical values
collected in Table III. A discussion of these data on the ba
of scaling laws and the corresponding critical exponents
amplitudes will be given later in Sec. III E.

C. Structure factor and susceptibility near the Lifshitz
line

The SANS data of the samples between 9% and 1
diblock concentrationF show at low and high temperature
the characteristic behavior of diblock copolymers, i.e.,S(Q)
shows maximum at finiteQ* -value, but at intermediate tem
peratures that of homopolymer blends, i.e.,S(Q) maximum
at Q50. The curved Lifshitz line shown in the phase di
gram ~Fig. 3! reflects this behavior. Apparently, the Lifshit
line is not constant in diblock copolymer content as expec
from theory. The measured structure factors of the three
vestigated samples are shown in Fig. 6. The correspon
susceptibilities,S(0) or S(Q* ) are plotted in Fig. 7 vs the
inverse temperature, while thel 2 coefficient ofQ2 and the
Q* -values of the maximum intensity have been plotted
Fig. 8 and 9 as a function of temperature. The structure
tor S(Q) has been fitted with the approximate expression
Eq. ~7! as demonstrated by the solid lines. The Flor
Huggins parameter, the Ginzburg number, and the statis
segment length have been evaluated for each temperatu
the experiment from the expressions ofa, b, c, din Ref. 13
and Eq.~9! and directly fromS(0) with Eq. ~12!, assuming
that the parameters in Eq.~12! are constant with temperature

-
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FIG. 5. Inverse susceptibility vs inverse temperatu
S(0) in the 4.3% sample follows a crossover functio
between mean field and 3d-Ising case~dotted curve!
while S(0) of the other samples show stronger reno
malization according to fluctuations; they are fitted by
theory using a Hartree approximation in the Bra
zovskii formalism.
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Their resulting numerical values are collected in the Tab
II and IV, and will be discussed later. In Fig. 7S21(Q* ) has
also been fitted with Eq.~17! representing the limit of a
diblock copolymer as indicated by the solid line. This
describes the data well, it is a guide for the eye and th
parameters have not been given here.

Even though the general characteristics of the struc
factor, and the related parameters, are similar for the th
samples with, respectively, 9.3%, 10%, and 10.9% copo
mers, the 9.3% sample shows a remarkable deviation. B
theS(0)-and theS(Q* )-values decrease continuously in th
10% and the 10.9% samples, as is best seen from the plo
Fig. 7. The 9.3% sample, however, shows a significant
ferent behavior. After a continuous decrease ofS(Q) in the
microemulsion-phase between 34 and 54 °C a relativ
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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strong increase is observed inS(Q) near Q50 between
54 °C and 78 °C even though with its maximum value is s
at a finite, though small,Q* -value. Upon further increase in
T, a strong decrease ofS(Q) is observed, with its peak
position approached atQ50. This means that near the low
temperature part of the Lifshitz line, the one-phase stabi
ing effect of the diblock copolymers must be remarkab
reduced as the long-range fluctuation modes have stro
increased. At higher temperatures the intensity is again
duced, and above 141 °C re-entrance to the phase with
character of a diblock copolymer appears. It appears from
inset in the plot of the 9.3%-data in Fig. 6, showing the d
measured at 150 °C, that the statistics of the block copoly
like S(Q) is quite bad. The conclusion that reentrance
block copolymer like characteristics is, however, strong
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Structure factor for concentrations between 9.3% and 10.9%. In
concentration range, transitions from diblock to blend and from blend
diblock character are observed by increasing the temperature.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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FIG. 7. S(0) and S(Q* ) values from different PEE/PDMS/PEE-PDMS
systems as obtained fromS(Q) in Fig. 6 and the corresponding fits.S(0)
and S(Q* ) are given logarithmically, while the inset shows the data
linear scale.
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supported by the temperature dependence ofl 2 , given in Fig.
8, showing a pronounced maximum.

Both S(Q) and S(Q50), as shown in Figs. 6 and 7
have been fitted with the theoretical expressions accord
to, respectively, Eqs.~8!, ~9!, and ~12!. The fit of S(0) is
depicted as a solid line in the figure, and the resulting
parameters are collected in Table IV. Only the 10% sam
is well described by theory in the whole measured tempe
ture range. The temperature range of this sample excee
however, only slightly the lower Lifshitz line. For the 9.3%
sample the theoreticalS(0) describes the experimental da
only above the lower Lifshitz temperature, while the d
crease ofS(0) near the lower Lifshitz temperature is n
described by theory. The 10.9% sample shows also sig
cant deviations; theS(0)-susceptibility is only well de-
scribed above the lower Lifshitz temperature and theS(Q
5Q* )-value above and below the Lifshitz temperature c
only be fitted with different sets of parameters. This o
served discrepancy betweenS(0) and theory might be a fur
ther indication for an ordered regime below the lower L
shitz line.

Crossing the Lifshitz temperature becomes clearly v
ible from the temperature behavior of the coefficientl 2 of the
Q2 term of the inverse structure factor in Eq.~13!, and which
has been plotted in Fig. 8 for threeF-values. The positive
and negative values ofl 2 corresponds to the respective ble
and diblock character of the samples. There is yet no th
retical description of the observations in Fig. 8. Within t
mean field approximation the Lifshitz line is predicted
occur at a constant diblock concentrationF as the vertex
function G28(0) becomes zero at the Lifshitz concentrati
shown in Fig. 2~c!, which means thatL2 in S(Q) of Eq. ~5!
becomes zero at this concentration. The parameterl 2 ob-
tained via Eq.~13! is of course influenced by thermal fluc
tuations which are not included in the mean field parame
G28(0) andL2 in Eq. ~5!. A theoretical expression forl 2 is
not known to us.

An even more clear impression of the Lifshitz line
obtained from theQ* -values of theS(Q)-peak, as shown in

FIG. 8. Coefficientl 2 of the Q2 term of the inverse structure factor. Th
negative and positive numbers determine the respective diblock and b
character. The Lifshitz line is defined forl 250.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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Fig. 9 givingQ* vs temperature. At the Lifshitz temperatu
Q* becomes zero. The behavior ofQ* near the Lifshitz line
can approximately be described by a scaling lawQ* }uT
2TLLu2bT with an exponentbT between 0.3 and 0.4 whe

nd

FIG. 9. Q* values vs temperature for three concentrations. The range
diblock and blend character are clearly seen. Near the Lifshitz tempera
Q* can be fitted by a scaling ansatz.
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approachingTLL from both low and high temperatures.Q*
becomes only to some extent constant at low temperat
far from the Lifshitz line. The change ofQ* with F, as
predicted from the mean field theory, has been plotted in
2~b!, very near the Lifshitz concentration a power law beha
ior with an exponent of 0.4 is predicted. Corresponding
perimentalQ* values measured at 65, 100, and 145 °C h
been plotted vsF in Fig. 10. As in a first order phase tran
sition theQ* value seems to discontinuously change at
Lifshitz concentration which is about 11.5% and 9%
100 °C and 145 °C, respectively, and then further incre
with diblock concentration approaching the value of the p
diblock copolymer. At 65 °C two steps ofQ* are visible one
at the corresponding Lifshitz concentration of 9% the ot
at 11.5%. The latter step at 11.5% might be a further indi
tion for a transition to a microemulsion phase@see also dis-
cussions in context with Fig. 18~a!#. The dashed lines hav
been plotted as a guide for the eye. For a more deta
analysis and proof of the microemulsion phase one su
needs more experimental data from more diblock concen
tions and also from application of the D/H contrast variati
techniques.20 It seems, however, clear from the data in F
10 that no scaling withF occur near the Lifshitz line as
predicted by theory@see Fig. 2~b!# and as it is observed a
constantF between 9% and 11% with changing temperat
~see Fig. 9!.

D. Structure factor and susceptibility beyond the
Lifshitz line

Two samples beyond 12% diblock concentration ha
been studied and the results are presented in Figs. 11
Figure 11 shows the structure factorS(Q) of the 12.1% and
14.9% samples, as plotted in a semilogarithmic represe
tion. For all temperatures between 143 and 17 °C the m
mum value ofS(Q), and thereby the susceptibility, was o
served at finiteQ* -values indicating thatF is beyond the
Lifshitz line at all temperatures. The solid lines in the figur
are the result of the theoretical scattering function given

TABLE IV. Parameters of samples larger than the Lifshitz line fromS(0).

F ~%! Gh ~mol K/cm3! Gs(1024 mol/cm3) b0 c0
a

9.3 0.760.06 2(0.9361.5) 3.961 20.03
10 0.4960.04 2.3861.03 2.260.3 20.09
10.9 0.4460.02 1.0660.6 1.4860.08 20.18
12.1 0.4860.03 2.0360.7 2.860.1 20.3
14.9 0.3360.01 2(1.0760.2) 3.160.04 20.61

aCalculatedc0 .
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Eq. ~7!. The correspondingS(Q50) andS(Q5Q* )-values
are plotted in Fig. 12 andQ* together withx* are given in
Fig. 13. The solid lines in Fig. 12 represent best fits of t
renormalized susceptibility, according to Eq.~8! for the
S(Q* ) andS(0) values, and the corresponding renormaliz
FH-parameter of Eq.~17! and of Eq.~12!. The parameters
from the fit ofS(0) are summarized in Table IV. The value
of S(Q50) and S(Q5Q* ) show the same characterist
temperature dependence. For the 14.9% sample a sligh
viation of the susceptibility from its theoretical description
observed at 30 °C, reflecting the order–disorder transition
a lamella phase. A corresponding discontinuity is also
served in theS(0) andQ* -values~Figs. 12 and 13!. In the
12.1% sample, there was no similar changes for temperat
down to 14 °C, showing that the sample did not order int
lamella phase, to at least down to 14 °C. TheQ* -value for
the peak position is theoretically predicted to be constant
shown in the calculations given in Fig. 2~b!. In reality, how-
ever,Q* changes with temperature, likely as a conseque
of the influences of the degree of the thermal composit
fluctuations. Close toT>100 °C a relative pronounce
change appear in the temperature dependence of
Q* -value, resulting in an only weakT dependence at low
temperature. The observed change of slope of theQ* -data
for the 12.1% sample at 98 °C might result from the clo
approach to the Lifshitz line.

Figure 14 shows the susceptibilityS(Q5Q* ) and the
peak position,Q* , of the pure diblock copolymer. A clea

FIG. 10. Q* vs concentration at 145, 100, and 65 °C.Q* changes discon-
tinuously at the Lifshitz concentration and increases very fast to the valu
the pure diblock copolymer. At 65 °C two transitions at 9% and 11.5
diblock concentration are observed. The transition at 11.5% might be in
preted as an order–disorder transition to a bicontinuous microemul
structure.
ed by
TABLE V. Critical parameters of the isotropic Lifshitz critical range. The 4.3% sample has been analyz
the crossover function between mean field and 3d-Ising ranges.

F ~%! TC ~°C! Gi (1022) C1(cm3/mol) g j0 ~Å! n h522g/n

4.3 129.7 1.560.6 3236148 1.24 ¯ 0.632 0.038
6 121.9 ¯ 293660 1.3760.03 3.560.3 0.8460.01 0.3760.01
6.7 116 ¯ 227630 1.6260.02 2.760.6 0.9560.03 0.2960.01
7.4 111.4 ¯ 269634 1.6160.02 2.260.5 160.03 0.3960.01
8.3 97.9 ¯ 279663 1.6260.03 1.960.6 1.0360.05 0.4360.02
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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step wise change of the susceptibility is seen at the ord
disorder phase transition at 83.3 °C. The solid line repres
the theoretical expression in Eq.~17! and the corresponding
fit parameters are given in Table II. The peak positionQ*
linearly decreases with decreasing temperature in the d
dered regime and shows a clear change in its behavior be
the order–disorder transition.

E. Lifshitz critical range and crossover behavior

We now discuss the behavior of thermal composit
fluctuations in the disordered regime below the Lifshitz li
from another point of view, namely, in terms of critical e
ponents of the susceptibility and the corresponding corr
tion length obtained from asymptotic scaling laws. The str
ture factorS(Q) of three samples have been plotted in Fig
for various temperatures in Zimm representationS21 vs Q2.
The solid lines represent fits according to Eq.~13! from

FIG. 11. Structure factor for two concentrations with exclusively diblo
character~see phase diagram in Fig. 3!. The solid lines represents a fit o
S(Q) in Eq. ~7!.
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which the susceptibilityS(0) and the two coefficientsl 2 and
l 4 emerges. In theF54.3% sample,S(Q) is sufficiently
well described by the Ornstein–Zernike approximation c
responding tol 450. For larger block copolymer contents th
Q4 term becomes visible and relevant. The inverse susce
bility S21(0) vs 1/T is shown in Figs. 5 and 15. TheF
54.3% mixture behaves similarly to blends, namely, fro
high to low temperatures a transition frommean-fieldto 3d-
Ising critical behavioris observed. This is demonstrated b
the corresponding fit~solid line! of the crossover function by
Belyakov et al.25 as already discussed. The second li
through some of the 4.3% data represents the asymp
3d-Ising scaling law with the critical exponentg51.24 as

FIG. 12. S(Q* ) andS(0) vs inverse temperature 1/T. The data are fitted by
the theory of Kielhorn and Muthukumar. For the 14.9% sample a w
order–disorder transition was found at 30 °C; such a transition was
observed for the 12.1% sample.
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evaluated from the crossover function. The inverse susce
bilities of the diblock concentrationF56%, 7.4%, and
8.3% are characterized by curvatures far beyond that of
F54.3%. Such larger curvature corresponds to an incre
of the n-exponent, indicating a crossover to the universa
class of theisotropic Lifshitz case. These susceptibilities
could be analyzed over the whole temperature range by
scaling law according toS21(0)5C1

21tg with the reduced
temperature,t5(T2TC)/T, and the critical exponent,g, as
demonstrated by the solid lines. This also means that
Ginzburg number corresponding to the critical range ab
TC has strongly increased in comparison with the 4.3
sample. A similar analysis has also been performed for
correlation length according toj5j01t2n with the critical
exponentn. The obtained critical exponents are collected
Table VI and are shown vs the copolymer content in Fig.

In two samples with concentration 6.7%~not shown in
Fig. 15 for clarity! and 8.3% an additional crossover w
observed very near the critical temperature and phase s
ration was observed at a lower critical temperature plotted

FIG. 13. Q* values ofS(Q) from Fig. 11 vs 1/T. Strong shifts of the peak
maximum are observed with temperature. In the 12.1% sample a m
stronger slope is observed at higher temperature above 100 °C. This m
be related to the close approach to the Lifshitz line at this temperature
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open dots in the phase diagram. In this range the susc
bilities were analyzed by the same scaling law as dem
strated for the 8.3% sample in the inset of Fig. 15; the c
responding appreciably larger exponents and the crit
temperatures are summarized in Table VI and plotted in F
16. On the other hand, in the 7.4% sample phase separa
occurred at the higher critical temperature shown as a full
in the phase diagram and no additional crossover was
served. This experiment was performed with larger tempe
ture steps and therefore the sample spent much less tim
the region of strong thermal fluctuations. The experimen
procedure was always the same; after the sample reache
desired temperature within the limits of less than 0.1 K tw
experimental runs of 10 and 30 min were started. Based

ch
ht

FIG. 14. Susceptibility andQ* for the pure diblock copolymer. A relatively
strong change of the order parameter is observed at the order–disorder
perature. In the disordered regime the susceptibility was fitted by
Fredrickson–Helfand theory according to Eq.~17!.
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these data we conclude that for the samples between 6%
9% diblock content two consolute lines can be realized
perimentally. These are plotted by the open and full dots
the phase diagram, respectively; phase separation occu
ther at the upper or at the lower lines, depending on whe
the crossover to the new universality class can occur or
Such a crossover, however, is observed only if the exp
ments are performed sufficiently slowly. We abbreviate t
as therenormalized Lifshitz critical behavior. An interpreta-
tion of this crossover might be related to rearrangement
the diblock copolymers as caused by the strong thermal c
position fluctuations nearTC and which further stabilize the
sample against phase decomposition. Such an effect wa
deed observed in a ternary symmetric homopolymer/dibl
copolymer system by a simulation study on spinodal deco
position; in the early to intermediate time regime the blo
copolymers became accumulated at the interface of
domains.30 In our experiments we already observed this
fect in the disordered phase near the critical point. Suc
behavior was not observable in the simulations as one sta
from a mean field free energy expression neglecting ther
fluctuation. Because of the observed large thermal fluc
tions near the critical point an early stage~e.g., a linear re-
gime! of spinodal decomposition is not observable as
fluctuation modes already interact in the disordered reg
leading to nonlinear effects right from the beginning of t
phase decomposition process.2,31 This crossover might be
quite analogous to the transition to arenormalized 3d-Ising

FIG. 15. Inverse susceptibility vs inverse temperature.S(0) in the 0.043
sample follows a crossover function between mean field and 3d-Ising
while S(0) of the other samples follows a scaling law with larger critic
exponents.
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critical behavior, which have been observed in some bina
polymer blends,32,33in those blends an inhomogeneously d
tributed free volume could account for such a crossover
havior.

F. The Q4 term of S„Q… near the Lifshitz critical point

The structure factor plotted in Fig. 4 in the Zimm pr
sentation shows that in the ranges where thermal comp
tion fluctuations are described within the 3d-Ising univers
ity class the coefficientl 4 in Eq. ~13! is negligible andS(Q)
is described by the Ornstein–Zernike approximation. T
crossover to the Lifshitz critical behavior shown for the cri
cal exponents in Fig. 16 starts at 6% diblock concentrati
At this F we also begin to observe a contribution froml 4 to
S(Q) from a slight deviation from linearity in the present
tion of Fig. 4. This contribution becomes stronger at largerF
as is visible for the 8.3% sample. This observation is a cl
experimental indication of the connection between the cro
over between the critical universality classes of 3d-Ising a
isotropic Lifshitz cases and the reduction of thec2 and l 2

terms in the Hamiltonian@Eq. ~1!# and structure factorS(Q)
@Eq. ~13!#, respectively, being proportional to the restorin
forces of thermal composition fluctuations. The strength
the Q4 term can be also characterized byKp22 in the struc-
ture factor of Eq.~14! and which is plotted in Fig. 17 vs the
correlation lengthj in double logarithmic scale. Approach
ing the critical temperaturej becomes infinite andKp22

approaches zero as is expected for diblock compositions
than the Lifshitz value.12 At constantj the Kp22 increases

se

FIG. 16. Critical exponents of susceptibility and correlation length. At ab
6% diblock content a crossover from 3d-Ising to isotropic Lifshitz critic
behavior is observed. NearTC a further crossover to a renormalized Lifshit
critical behavior was observed.
TABLE VI. Parameters in the renormalized case.

F ~%! Tc ~°C! C1(cm3/mol) g j0 ~Å! n h522g/n

6.7 107.4 78 2.4460.1 3.5 1.1460.12 2(0.1460.02)
7.4 not observed because of a faster cooling rate by larger temperature steps
8.3 91.4 55 2.4360.06 2.4 1.160.05 2(0.2160.01)
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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by about one order of magnitude changing the diblock co
position from 6.7 to 8.3% and which is the result of a d
creasingc2 parameter in the Hamiltonian@Eq. ~1!#.

G. Flory–Huggins parameter, Ginzburg number, and
segment length

The analysis of the structure factorS(Q) measuring
thermal composition fluctuations in the disordered state
the three component polymer mixture was mainly perform
on the basis of the formalism developed by Kielhorn a
Muthukumar in Ref. 13 and which takes the effects of th
mal fluctuations into consideration, as reviewed above
Sec. II B. For samples with a diblock concentration larg
than the Lifshitz line with the maximum ofS(Q) occurring
at a finiteQ, the most general application started with t
analysis ofS(Q) by Eq.~7! ~see solid lines in Figs. 6 and 11!
which for each equilibrium state delivers four paramete
namely, a, b, c, d. Based on these four values and th
expressions given in Ref. 13, the FH-parameter, the G
zburg parameter, and the statistical segment length were
culated for each temperature from Eq.~9!. The so obtained
FH-parameter has been plotted in Fig. 18~a! vs 1/T. The data
mainly follow a straight line according toG5Gh /T2Gs

with the enthalpic and entropic contributions whose numb
have been plotted in Fig. 18~b! and are given in Table II. The
FH-parameters in Fig. 18~a! follow a straight line at high
temperatures while at temperatures just below the lower
shitz line deviations are observed as indicated by the arro
This means that at low temperature the theoretical appro
does no longer describe the experimental data; a transitio
a different state could be the reason for this deviation. W
reference to the results of Bateset al.16 we interpret this
behavior and the temperatures as indicated by arrows in

FIG. 17. Coefficient of theQ4 term of S(Q) in Eq. ~14! vs the correlation
length. This coefficient follows a scaling law approaching zero at the crit
temperature as is expected for diblock concentrations smaller than the
shitz concentration. For constant correlation length the coefficient stro
increases according the decrease of the surface energy proportional toc2 in
the Hamiltonian. The appearance of a finiteKp22 is accompanied by the
crossover from 3d-Ising to the isotropic Lifshitz case; this is reasonabl
the restoring force for thermal composition fluctuations proportional toc2

becomes weaker.
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18~a! as the borderline to a bicontinuous microemulsi
phase. This borderline has been plotted in the phase diag
of Fig. 3.

In addition, the FH-parameter was evaluated fromS(0)
using Eqs.~8! and ~12!, which for diblock concentrations
smaller than the Lifshitz line becomes the system susce
bility. In order to analyzeS(0) the parameters in Eq.~12!
had to be assumed independent of temperature. The
mentioned formalism could not be applied for diblock co
centrations smaller than 5%; for those samples the ther
fluctuations show the critical behavior of the 3d-Ising unive
sality class as in binary polymer blends, including the cro
over to the mean field behavior. So, the FH-parameter of
pure blend and 4.3% sample was evaluated from the fi
crossover function in Eq.~20! and has been depicted in Fig
18~b!.

The statistical segment lengths is another paramete
obtained from the parameterd in the parameterized form o
the structure factor of Eqs.~7! and ~11!. It describes the
polymer conformation according to its relationship with t
radius of gyration (Rg

25s2N/6). In Fig. 19 the values ofs

l
if-
ly

as

FIG. 18. ~a! Flory–Huggins parameter vs 1/T as evaluated fromS(Q) with
Eqs.~8! and~9!. The deviations from the straight lines at low temperatu
are interpreted related to an ordering transition to a bicontinuous microe
sion structure.~b! Flory–Huggins parameter for all investigated sample
they were derived from the fitted straight lines in~a! and from Eqs.~20! and
~12!, depending on whether the sample is in the 3d-Ising or isotropic
shitz critical region.
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of the 14.9% sample is shown as an example; at high t
peratures one finds in all samples a very good agreem
with the expected valuês&55.64 Å from the literature.34

Upon decreasing the temperature a marked increase in
segment length reflects a stretching of the polymers.

V. DISCUSSIONS AND CONCLUSIONS

We presented SANS experiments on the three com
nent mixture composed of the near critical polymer ble
PEE/PDMS and the corresponding diblock copolymer. T
ratio of the molar volumes between homogeneous
diblock copolymer isa50.178. From measurements of th
static structure factorS(Q) the phase boundaries between t
disordered states at high temperatures and, respectively
micro- and the macrophase separated states at low tem
tures were determined for the PEE/PDMS/PEE-PDMS s
tem. These results are summarized in the phase diagra
Fig. 3. The macrophase separation is realized as a usua
ond order phase transition in the low diblock copolym
limit. For higher copolymer content, microphase separat
appears as a first order phase transition to a lamella ord
state above 14% diblock content with a periodicity given
the size of the diblock copolymer and to a bicontinuous m
croemulsion phase between roughly 9% and 14% dibl
concentration. The phase boundary of the latter phase
proposed indirectly from anomalies of the concentration
pendence ofQ* ~Fig. 10!, the FH-parameter@Fig. 18~a!# and
from information in Ref. 16. In the disordered regime, t
fluctuations are reflected through the structure factor m
mum, S(0) andS(Q* ), which represents the susceptibili
and the maximum amplitude of the thermal fluctuati
modes. The fluctuations resulting in respectively macro
microphase separation is occurring for a maximum inS(Q)
at, respectively,Q50, and Q5Q* , Q* being finite. The
Lifshitz line separating these two disordered ranges w
identified experimentally, as shown in the phase diagram

FIG. 19. Statistical segment length for the sample with 14.9% diblock c
centrations as obtained from the fit. At high temperatures the conforma
of an ideal coil is approached while at lower temperature the coils bec
stretched.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
-
nt

he

o-
d
e
d

the
ra-

s-
in

ec-
r
n
ed

-
k
as
-

i-

d

s
in

Fig. 3. According to the mean field theory the Lifshitz lin
should be at a constant block copolymer content in cont
to the observation.

Beyond the characteristic border lines presented in
phase diagram in Fig. 3 the ‘‘critical’’ characteristics of th
thermal composition fluctuations in the disordered regi
were determined, including the identification of the cros
over behavior from the universality classes of 3d-Ising to
isotropic Lifshitz and to a renormalized Lifshitz case leadi
to a lower phase boundary indicated by the crossed area
the open dots, respectively. In the ternary PEE/PDMS/P
PDMS system the mean field approximation can, howev
only be a rather poor approximation. In particular, critic
fluctuations will become strong near the isotropic Lifsh
critical point since the stabilizing effects from the surfa
energy, expressed by thec2 term and by thel 2 term in Eqs.
~1! and ~13!, respectively, becomes small. This effect is e
pressed by an upper critical dimension, which is derived
dU58 at the Lifshitz line.12–14 The Lifshitz point, however,
is destroyed by these thermal composition fluctuations,
according to the Ginzburg criterion the stabilization of t
disordered phases is much weaker in blends than in dib
copolymers.11,13 On the other hand in the ternary system
PE/PEP/PE-PEP, where the appearance of a microemu
phase was first established16 the observed critical exponent
remained the mean field values.15 This situation is different
from the present system and must be related to the orde
magnitude smaller molar volume of the polymers in the PE
PDMS system, relative to the PE/PEP system. At the Lifsh
point the Ginzburg number scales withN22/5 in comparison
with blends where aN21 is proposed, which means an a
preciably stronger sensitivity of Gi with molar volume.

A detailed analysis of the structure factorS(Q) andS(0)
were performed with the theoretical approach formulated
Kielhorn and Muthukumar13 which for homopolymer blends
copolymer systems takes fluctuations into consideration
the basis of the Hartree approximation. The resulting fi
which are represented by the solid lines in the correspond
figures, represent the experimental data rather well. Th
characteristic different diblock concentration ranges app
in the phase diagram. First, we considered the two sam
of largest diblock content at 12.1% and 14.9%. In the
samples the susceptibility always occurs at the finiteQ*
value. The fit ofS(Q) is presented in Fig. 11 from which th
parameters are collected in Table II. In additionS(0) was
fitted as depicted in Fig. 12 and the corresponding para
eters are collected in Table IV. The susceptibilityS(Q* )
itself was fitted by Eq.~17! representing the Fredrickson
Helfand approach and is demonstrated by the solid line.
corresponding parameters are not given. The transition to
ordered state is observed in the 14.9% sample, as highlig
in the inset of Fig. 12 showing the deviations ofS(0) from
their theoretical prediction. The deviations are still weak
comparison to that of the pure diblock sample, shown in F
14. A similar deviation was not observed for the 12.1
sample and those with lower diblock content.

The samples between 9% and 11% diblock content sh
an intermediate behavior between the characteristic beha
of blends and diblock copolymers. This is most clearly se

-
n
e
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in the plots of Fig. 9 showing the peak positionQ* vs tem-
perature. According to these figures the samples show
characteristic behavior of diblocks both at low and at h
temperatures, while at intermediate temperature the beha
is polymer blend like with the susceptibility given atQ50
of S(Q). These observations imply that the Lifshitz line d
pendents on the diblock content as depicted by the das
curve in the phase diagram in Fig. 3. Near the Lifshitz li
theQ* approaches with temperature zero exponentially w
an exponent roughly between 0.3 and 0.4, which is qu
similar to the theoretical exponent ofQ* upon approaching
the Lifshitz line by changing concentrations, as proposed
the mean field calculation shown in Fig. 2~b!. The change of
Q* with concentration depicted for three temperatures
Fig. 10, however, shows a different behavior; at the Lifsh
concentration a stepwise increase ofQ* is observed as is
typical for an order parameter change at a first order ph
transition. At 65 °C even two stepwise changes ofQ* are
observed, while at 9% diblock content the Lifshitz line
passed the second step to a finiteQ* is observed at 11.5%
This change inQ* we interpret as the phase transition bord
to a bicontinuous microemulsion phase in consistence w
results from Ref. 16. TheS(Q) of these samples is shown i
Fig. 6, and theirS(Q* ) and S(0) in Fig. 7; the solid and
dashed lines represent the corresponding fits whose pa
eters are collected in Tables II and IV. An irregularity w
observed in the 9.3% sample in so far as a continuous
crease ofS(Q* ) andS(0) with decreasing temperature wa
not observed; at the lower Lifshitz line a decrease ofS(Q* )
andS(0) is observed. This means that in this sample the lo
wavelength fluctuations became partly unbounded from
diblock copolymers if approaching the lower Lifshitz line.

In the samples with a diblock content lower than t
Lifshitz line the susceptibility is always represented byS(0)
which have been plotted in Fig. 5. The solid lines repres
the corresponding fits with Eqs.~12! and ~13!; their param-
eters are collected in Table III. The Kielhorn–Muthukum
theory could not be applied for the 4.3% sample; in this c
the fluctuations showed the characteristic behavior of po
mer blends, namely a crossover behavior from cases of m
field approximation to the 3d-Ising model. The correspon
ing solid line represents a fit of the crossover function in E
~20! and the dashed line the scaling law according the
Ising model with the critical exponentg51.24.

The main parameters obtained from application
Kielhorn–Muthukumar theory toS(Q) andS(0) are the FH-
parameter, the Ginzburg number G˜ i, and polymer conforma-
tion. The enthalpic and entropic terms of the FH-parame
from all samples are shown in Fig. 18 and are summarize
Tables II–IV. The values obtained fromS(Q) andS(0) and
Eqs. ~12! and ~16! are the same within the error bars a
independent from the diblock content. The enthalpic term
the FH-parameter of the pure blend and the 4.3% sam
derived from the crossover function Eq.~20! is the same as
for the other three component samples while a roughly 3
smaller value was found for pure diblock copolymer. D
tinctly different entropic terms were evaluated for the 0 a
4.3% sample and the pure diblock copolymer being of
order of 1024 and negative for the latter sample. The e
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tropic terms ofG for the other three component sampl
show a rather strong scattering within the same order of m
nitude of the pure diblock and of the 0 and 4.3% samp
The apparent difference of the FH-parameter of binary po
mer blends and the corresponding diblock copolymers
been discussed in Refs. 10, 35, and 36. The conclusio
Refs. 10 and 36 was that the absolute values of the
parameters are always smaller in diblock copolymers wh
is consistent with the data of the present work.

The Ginzburg parameter G˜ i in Table II is rather constan
for the diblock copolymer and the three component mixtur
The corresponding Ginzburg number of the 0 and 4.
sample evaluated from the crossover function is about
orders of magnitude smaller than for the diblock copolym
Similar ratios were also found for another system.10

The values for the segment length are plotted in Fig.
for the 14.9% sample. At high temperature the statisti
segment length approaches the value given in literature
the corresponding linear polymer components. The polym
become stretched by decreasing the temperature. A s
shrinkage of the chains is observed by passing the ord
disorder temperature.

The susceptibilities for a diblock content of 6% an
larger as depicted in Fig. 5 have also been interpreted f
the point of view of scaling laws, valid asymptotically clos
to a critical point and plotted in Fig. 15. These scaling la
are characterized by the critical exponents and amplitud
The numerical numbers of the critical exponents of the s
ceptibility and correlation length are depicted in Fig. 16. F
concentrations with block copolymer content below 5.5%
thermal fluctuations are described by the universality clas
the 3d-Ising behavior. BetweenF55 and 7%, approxi-
mately, the system crosses gradually over to the isotro
Lifshitz critical behavior characterized by a critical expone
(g51.62) significantly larger than the 3d-Ising value (g
51.24). Even larger critical exponents were obtained a
the crossover to the Lifshitz renormalized state very close
the critical temperature (g52.44). The critical exponentsg
andn are related by the Fisher scaling relation to the Fis
exponenth presented in Tables II and III. The experiment
h values are of the order of one magnitude larger than th
of polymer blends in the 3d-Ising regime, and become ne
tive in the renormalized state. A crossover from 3d-Ising
an isotropic Lifshitz and renormalized isotropic Lifshitz crit
cal behavior is observed even though the Lifshitz critic
point itself cannot be reached experimentally; it is su
pressed by strong thermal composition fluctuations as is s
by the parameterp in Eq. ~14! which is not constant bu
singular near the critical temperature~Fig. 17!.
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