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We have studied thermal composition fluctuations of a ternary symmetric homopolymer/diblock
copolymer system of PEE/PDMS/PEE-PDMBEE and PDMS being palgthyl ethyleng and
poly(dimethyl siloxang, respectivelyin its disordered state with small angle neutron scattering for
concentrationd of diblocks up to 15%. The phase diagram shows three characteristic regitnes;
below the Lifshitz concentrationd |, =9%; (2) in the very near vicinity of the Lifshitz
concentration; and3) above®d, . In the regime1) of low diblock content the maximum neutron
intensity is obtained a) =0 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 susceptibiity
=(1.62=0.01) and correlation length= (0.99+ 0.04) appreciably larger than in the 3d-Ising case.

In the structure factor this crossover is accompanied by a strong reduction @f tteem leading

to the dominance of th®* term; the restoring force of the thermal fluctuations is strongly reduced
as theQ? term is proportional to the surface energy. Near the Lifshitz critical temperature a further
crossover was observed leading to the appreciably larger critical expoper{d.44+0.08) and
v=(1.22+0.08) 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 fluctuati@slin 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 factoiS(Q) shows diblock charactdmaximum ofS(Q) at Q+ 0) while at intermediate
temperature blendlike charact@naximum ofS(Q) at Q=0). At low temperatures a transition to

a bicontinuous microemulsion phase is proposé&). 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 evaluated20@ American Institute of
Physics[S0021-960680)50512-1

I. INTRODUCTION proaching the critical point by changing the external fields
such as temperature a crossover from the universality classes
The characterization of different states of matter and thef mean field to a “fluctuation” renormalized state is ob-
phase transitions between them is of fundamental scientifiserved. The renormalized state is for homopolymer blends in
interest. Each phase transition belongs to a universality claghe 3d-Ising universality cla3$ while the state of diblock
with a set of unique critical exponents describing materialcopolymers is of the Brasovskii tyfe® The temperature
properties in the vicinity of the phase transition. The criticaldefining the crossover from mean field to renormalized criti-
fluctuations and the associated classification have been studal characteristics is estimated by the Ginzburg criterion,
ied experimentally and theoretically in great details in bothwhich in the incompressible mean field theory predictsh 1/
polymer blend$™ and in diblock copolymer$®~8Upon ap- and 14/N (N is degree of polymerizatiorscaling behavior

0021-9606/2000/112(12)/5454/19/$17.00 5454 © 2000 American Institute of Physics

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



J. Chem. Phys., Vol. 112, No. 12, 22 March 2000 Thermal composition fluctuations 5455

for blend$? and diblock copolymer® respectively. In real- tively, and the structure factor followed the characteristic
ity, however, the renormalized ranges appear to be signifimean field Lifshitz behaviol$(Q)=Q~“. This is opposed to
cant larger in both blendsind block copolymer§in blends  the commonS(Q)«Q~2 characteristic known for binary
the larger 3d-Ising critical range has been attributed to thdlends, and is observed for samples of less copolymer
effect of compressibility,and it is likely that this also plays content™ In the very near vicinity of the mean field Lifshitz
an important role in the critical behavior of copolymé?s.  critical point, however, the influence of fluctuations clearly
When systems belonging to different universality classesnanifested itself by the absence of the Lifshitz critical point,
of critical phenomena are combined, the various phase trar&nd instead the appearance of a one-phase channel of poly-
sitions influence each other and create new phenomena. meric microemulsio® An equivalent one-phase gap was
this paper we investigate the interference of macroscopic anabserved between the micro- and macrophase separated
microscopic phase transitions in a model polymer systenstates in the more low-molar mass system of PEE-PDMS,
composed of a critical blend of two homopolymers mixedPEE and PDMS being palgthyl ethyleng and polydim-
with small amounts of the corresponding symmetricalethyl siloxang, respectively:’~'® Moreover, in the near vi-
diblock copolymer. The molar sizes of the ternary systentinity of the mean field Lifshitz point, this system showed
have been tuned in such a way, that the critical temperaturefitical exponents that are significantly larger relative to both
of the pure homopolymer blend is closely matched to thenean field and 3d-Ising behavibrin another SANS study
order—disorder temperature of the pure diblock copolymeron the PE-PP, PE, and PP mixture, PE and PP being poly-
With the molar volumes/,= Vg for the homopolymersd  (ethyl ethyleng and head-to-head pdlyropylene, respec-
andB and with the molar volum& for the diblock copoly- tively, a qualitatively similar phase behavior was found; in
mer, the Flory—Huggins parameteFsmust then obey the particular, the microemulsion phase could be identified by
conditionsT opr=T"c, I'opr andT'c representing the Flory— the use of contrast variation technicffe.
Huggins parameter of the diblock copolymer and the blend at  In the present paper further detailed experimental results
the order—disorder transition and at the critical point, respecobtained from small angle neutron scatterit®ANS) are
tively. Within mean field approximation the molar volumes Presented on the latter PEE/PDMS/PEE-PDMS system. Part
must fulfil the ratioV/V = V/Vg=5. To first order the com- ©f the experimental data ranging from pure homopolymer
bined effect of the enthalpy and the entropy of mixing shouldPlend to the regime close to the Lifshitz concentratidn,
neither increase nor decrease the line of critical points ir=0-09, have already been published in Ref. 17. In that pub-
such homopolymer/copolymer phase diagram. Stil, becauskecation we focused on the crossover phenomena from mean
of the loss in configurational entropy in the ordered phasef,ie|d to 3d-Ising critical behavior characteristic for pure
I'opr Will decrease upon the addition of homopolymérgt ~ Plends and small values @, and from mean field to Lif-
more homopolymer is added, the microdomain size continushitz critical behavior neab =®,, . The critical exponents
ously increases until in the thermodynamic limit@f =0 of the Lifshitz critical point and the Ginzburg number are
where the domains are of macroscopic size. Thus, in meafPPreciably larger than for the 3d-Ising case as expected
field theory the critical lines of a homopolymer mixture and from the larger upper dimension, as summarized in Fig. 16
the corresponding diblock copolymer meet together at a mulP€low, and as given in Table V and VI. In the following we
ticritical point. This point represents a new universality classVill Present experimental data below and above the Lifshitz

which is generally referred to as the isotropic Lifshitz in€ and give an interpretation mainly on the basis of the
typell-13 Kielhorn—Muthukumar theor¥ In the first part we will re-

The critical behavior near the Lifshitz critical point is VieW some of the main theoretical background of the present
expected to be strongly influenced by thermal fluctuationsOrk and then present the experimental data and their analy-

giving rise to larger critical exponents, and suppression of'S:

the phase boundaries. This is a consequence of the large

critical dimensions relative to the dimensional spamg,n

which the wave vector instability occurs, and which for the|| THEORETICAL BACKGROUND

studied polymer system is with=d=3 equal to the dimen-

sion of space. It is the current belief that the upper critical  The investigated ternary mixtures of a critical binary

dimension for the isotropic Lifshitz point s, =8."*This  polymer blend and the corresponding copolymer were al-

large value ofdy makes it further difficult to calculate criti- ways prepared as a symmetric mixture with equal amounts of

cal exponents by the usueE (d, —d) expansion technique; the two monomers by the same homopolymer concentration

it should be compared with the upper critical dimension ofand a symmetric diblock copolymer. As one of the mono-

binary blends, wherd,=4. mers was partially deuterated with the same degree of deu-
In a recent study on a ternary system of relatively highterium, according to the neutron scattering contrast the struc-

molar mass symmetric polyolefins composed of two ho-ture factor measures thermal composition fluctuations with

mopolymers and the corresponding diblock copolymer: PEfespect to the total monomer fractions and which corre-

PEP/PE-PERPE being polyethylene and PEP being poly- sponds to a scalan& 1) order parameter represented by the

(ethylene propyleng, mean field Lifshitz-type behavior was local concentratiod = ®(r). The basic thermodynamic fea-

observed near the predicted isotropic Lifshitz critical pdit; tures of those systems near their consolute line are suffi-

the critical exponents of the susceptibility and correlationciently well described by the common Landau expansion of

length were determined withy=1 and »=0.25, respec- the free energy according to
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1
H= EJ dI%{Co(VD)2+ Cy(V2D)2+r D%+ ud*

+Uug®®} (1)

with this order parametéf:??> A principal effect of diblock
copolymers dissolved with a homopolymer blend is a reduc-
tion of the surface energy which according to the Hamil-
tonian, Eq.(1), is described by a reduction of the parameter
C,. This parameter is positive at low copolymer content,
becomes zero at the concentration of the Lifshitz critical
point (Lifshitz line), and negative for large copolymer con-
tent. The Hamiltonian Eq(l) accounts for the composition x=(Q Rg)z
fluctuations in the homogeneoudisorderegl one-phase re-
gime. The composition fluctuations are described by thé-G. 1. Inverse form factor for different diblock concentrations calculated
structure factoiS(Q), Q being the momentum transfer, and based on Eq4). The circles indicate the maximum value of the form factor.
can be measured directly in a scattering experiment as the
scattered intensity witk) given byQ=(47/\)sin 6, \ being
the wavelength of the used radiation, ahteing half of the
scattering angle.

For positivec,-values the structure fact@(Q) as ob-

F(x)

For a ternary system composed of a critical mixturéand
B homopolymers of equal volum#&,,=Vg, and conforma-
tion (and thereby also of equal concentratidn=®5 and

tained from the Hamiltonian, Eq1), has the characteristic equal p_artial str_ucture factoS,, and Sgg, Saa=Sgs) and
behavior of polymer blend(Q) is maximum aQ=0, and an AB diblock with volumeV, F(Q) can be reduced to
the susceptibility,r =1, is correspondingly given by this F(Q)/IV=2[Spa(Q)—Sas(Q)]. 3

S(Q=0) value,r*=S(0). At the critical temperatureTc Assuming that the polymers in the mixture remain as unper-
of macrophase separation the susceptibility diverges, i.e., the 9 poly P

inverse susceptibilityr=S"(0) is zero. For negative urbed Gaus_sian chains(Q) can be written in terms of the
c,-values the structure facto®(Q), has the basic character- Debye-function,

istics of block copolymer melts, i.e., the maximum value of  gp(x)=2[ fx+exp —fx)—1]/x?

S(Q) appear at a finit®Q-value, Q= Q*. The susceptibility

is then given by the structure factor at tigs -value. Within

mean field theory of symmetric copolymers BE*)-value F(X)=4[(1-®)agp(1, xa) —Pgp(1, X)

will diverge at the critical point, and beyond that the system

will order on a mesoscopic length scale through microphase +4®gp(0:5,X)], @)
separation. where XIRSQZ, Ry being the radius of gyration of the

The Lifshitz critical point is determined by the two con- diblock copolymer; andr the ratio of the molar volumes of
ditionsc,=0 andr=S"1(0)=0. With c,=0 in the vicinity ~ the homopolymers relative to the diblock copolymer,
of the Lifshitz point, the forth order term of the gradient =\V,Vg/V.8*3Figure 1 shows the inverse form fact¢x)
energy,c,, becomes a leading term in the free energy, Eqgiven by Eq.(4), as calculated with parameters equal to
(1), giving rise to the characteristic Lifshi®(Q)=xQ 4 be-  those of the experimentally investigated samples discussed
havior of the structure factor. below and given in Table I. Form the minimum values of
A. Structure factor of a three component polymer F(.X) one gets t.)c.)th the. Flory—Huggins paramglfgrat the
blend—diblock copolymer mixture in mean _spllnodal afd critical point, and thg corresponding character-
field approximation |s_t|c _Q=Q. _value. For concentrat|on§,>, smaller than the

Lifshitz critical value according tod, =2a?/(1+2a?)

The expression for the structure factor of a three compo= g 9596 the critical point occurs f@=0, corresponding to
nent mixture of a polymer blend and the correspondingmacrophase separatiéh?® For largerd the maximum oc-
diblqck c_opolymer i; described within the random phase apg s at a steadily growin@* value, corresponding to mi-
proximation according fo*° crophase separation. These critical values Io§,Q*) are

S YQ)=F(Q)/V-2T, 2) depicted by the_opr—_zn circles in Fig. 1, and plotted vs diblock

concentration in Figs. 2a) and 2Zb). The values fol g are
wherel is the effective Flory—Hugging~H) parameter]"  further summarized in Tables Il and Il
=I'y/T—T,, including both an enthalpic ternt;, and an The structure factor in Eq$2) and(3) can be expanded
entropic terml’,. F(Q) is the inverse form factor, which into powers ofQ?,
can be calculated in terms of the partial structure factors _ _
Saa, Sgg, andS,g describing the correlation between the STHQ=S"H0)+LQ*+L,Q -, ®)
monomers of type\ and B, with the coefficients given in terms of the parameters of the
Hamiltonian in Eq.(1). The first term isS™1(0)=r, as dis-
Saa(Q) + Sga(Q) +255(Q) _ cussed above, and equal to the inverse susceptibility,
Saa(Q)Sss(Q) —Sis(Q) S 10)=2(I's—T), for concentrations less than the Lifshitz

F(Q)/V=
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TABLE I. Sample characteristics.
Sample Polymer blend Diblock copolymer
Polymer Polyethyl- Polydimethyl- Polyethyl- Polydimethyl-
ethylene siloxane ethylene siloxane
Chem structure PEE PDMS PEE PDMS
(C4Hs D2 ) (SIOGHe) (C4Hs Dz ) (SiOGHe)
d (glen?) 0.91 0.98 0.91 0.98
Q (cm¥mol) 66 777 66 77.7
o (R) 5.35 5.92 5.35 5.92
Scib; /Q; (10°°cm?) 1.79 0.0628 1.79 0.0628
Vy (cm/mol) 2010 2270 12000
N 305 29.2 168
Volume fraction PEE $=0.516 f=0.5
I'g(10™2 mol/cn?) 0.942 0.875
value. The coefficients, andL, are proportional to, respec- B. Effect of thermal fluctuations in blend  /copolymer

tively, ¢, andc, in the Hamiltonian Eq.1), and can be mixtures

determined in terms of the polymer parameters and concen-

tration ®,*°

Co~L,=(RYV)[4a?(1—d)—20]/[3a*(1-D)?],

Cs~La=(RYV)[(1~®)%(4a*+16a*—~9a+4)

behavior,S™1(Q)=Q*, clearly appears from this equation.

104f
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—(1—®)(16a°—9a+8)+4]/[36(1— P)3a>].

Near the Lifshitz

line of a three component blend/

diblock mixture thermal composition fluctuations are ex-
pected to become strong as its upper critical dimensign,

(6a)

=8, is twice as large as that of binary polymer blends. This

large value ofdy is related to the reduction of the surface
energy described through the-term in the Hamiltonian, Eq.
(1), and which acts as a threshold force for thermal compo-

(6b)

sition fluctuations. The structure factor of blend/diblock mix-
tures was recently derived beyond the mean field approxima-

tion by Kielhorn and Muthukumalr® They used the Hartree
At the Lifshitz concentration, the characteristic mean fieldapproximation in the Brazovskii formalism, equivalent to the

procedure developed

o 1.5
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Z
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by Fredrickson and Helfand for pure

FIG. 2. (a) Theoretical Flory—Huggins
parameter at the spinodal and critical
point evaluated from the minimum of
F(x) in Fig. 1. (b) The value ofQ
=Q* representing the maximum of
S(Q) evaluated fromF(x) in Fig. 1.
Below the Lifshitz line Q*=0 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 a= yNpeNppms/ Npee-poms
and diblock concentration. Note, that
the concentratior of (d) covers the
range 0-1, while that ofa), (b), and
(c) covers 0—0.2 only.
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TABLE Il. Parameters of samples larger than Lifshitz line from the structure fun&(Q).

® (%) Topr°C G Gi I's(10 3 mol/cn®) T, (molK/lem®) T',(10*mollicn?) T gprV
9.3 63 0.187 1.50.1 1.025 0.33:0.005 2.2:0.2
10 81 0.396 1.30.5 1.029 0.520.01 —(2.9+0.3)
10.9 75 0.325 1103 1.032 0.43:0.005 —(0.65+0.12)
12.1 37 0.464 1.20.1 1.036 0.44 0.005 —(0.84+0.15)
14.9 30 0.456 1.30.1 1.041 0.39:0.004 0.18-0.09 15.3
100° 833 054 1.402 0.875 0.290.04 —(2.7+0.6) 13

®Has been evaluated from the Fredrickson—Helfand thggay (17)] with N=900 as evaluated assumiog
=6.5A.

diblock copolymer melt§.The structure factor, Eq2), was  The paramete6 is determined by the degree of polymeriza-
thereby approximated and parameterized into a more simpligon N, the monomer molar volumé), and the relative vol-
form according to ume fractions of the polymer componens,, &5, and®

S YQ)=al/(b+Q?)+c+dQ? @) according to

with the parametersa=A/(o?V), b=B/o?, ¢=C/V, and _ NT'4(0,0 i
d=Do?/V, whereo is the statistical segment length of the 16m\/d? \/ﬁ
copolymer and is related to the radius of gyration according

2_ 2 _ .2 ; i
t0 Ry=o"V/6(=0N/6, () and N being the respectively .4 it the parametersandd , given by[Eq. (3.9) in Ref.
monomer molar volume and the degree of polymerlzatlon13]
The effects of thermal fluctuations are included by the renor-
malized parameterd, B, C andD. These parameters were d=d. o2/ d.=1/12D r+FfP) [ Dat(1—f)D
calculated assuming that the general shap8(&f) is unal- o/ d = 1R12A D, N Pet( ) (%}1)
tered compared to the mean field result. The detailed expres-

sions are give_n in Eqe3.9—(3.12 of Ref. 13. The suscep- The parametef,(0,0) is the fourth order vertex function,
tibility S(Q*) is thereby given in the form of which was evaluated by the same procedure as used by
Leible® but is a function of, ®,, ®5, anda.’® In Fig. 2d)
—1 * ) — _ ’ A B
S QY =2[TeV-Tre ]V (8) for the studied samples the numbers\if,(0,0) have been

with the renormalized Flory—Huggins paramefeg, that in- given forlarlous diblock concentratiors and a. The pa-
cludes the effect of thermal fluctuations. The detailed fornrameteryN=(R3/V) (Ry= VBR, is the end-to-end distance
of T',en is given separately for the two caseb>®,, and Of the polymey is the average number of chains in the vol-
d<®,, corresponding to the susceptibility represented byume R its reciprocal value is a measure of the effect of
respectivelyS(Q*) at finite Q* and S(0). In the “block thermal fluctuations as discussed for blends on p. 112 of Ref.

(10

copolymerlike” case ofP>®, , ', is given asd 1 and therefore proportional to the Ginzburg number as will
be defined in Eq(18). The value ofN was estimated with
INeV=I'V-G6x*d, 900 assuming a mean statistical segment lengthoof

=6.5A (Fig. 19. There exists the following identity:
b/Q*2— \1+b/(dQ**S(Q*)) + 2— 1A dQ* 2S(Q*)) dQ*2V=6d,x*, i.e., Ri=dV/6d, . So, the statistical seg-
X . ment lengtho can be evaluated from the parametdrand
\/1/(dQ*25(Q*))—2+2\/1+b/(dQ*4s(Q*))] d, and the monomer molar volum& according too
9 =yQ(d/d,).

TABLE lll. Parameters of samples less than the Lifshitz concentration evaluated from the susce(Bility
with Eqg. (12) and the crossover functiont-). The 0 and 4.3 samples could not appropriately be described by
Eq. (12). N=900 was evaluated assuming=6.5 A.

@ (%) Tc(O) G T10 *molen®) Tp(molKiem?) T (10 * molicnt) bo co?
0" 1414 .- 0.937 0.44 1.14
43" 1297 - 0.984 0.44 1.34
6 1212 041 1.002 0.440.01 117009  0.010.005 0.25
6.7 1049 04 1.008 0.260.01 —(0.9+0.2) 0.29-0.05  0.19
7.4 1095  0.39 1.014 0.310.005 —(2.2x0.1) 0.04-0.01  0.14
8.3 86.7 0.39 1.02 0.350.008 —(1.1+0.2) 0.4-0.05  0.06

&Calculatedc,, .
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In the “blendlike” case of®<®,, , where the suscep- nentsy and v of the susceptibility and correlation length,
tibility is represented byS(0), the renormalized FH- respectively£ andp become accordingly both infinite at the
parameter is given according to Ref. 13, critical temperature.

B The Lifshitz critical point leads to a new critical expo-

I'ren=T'V = G[bo=V/S(0) nentB, describing the change i@* with ®. By increasing

EVTEYPN — the copolymer content past the Lifshitz concentration, i.e., in
B bOV/S(O)]/\/V/S(O)+ boCo+2VboV/S(0) the rangeb, | <® =<1, Q* changes from zero to finite values

(120 according to the scaling &%

with the parametershby=12d,(6d, —NTI,(0))/(NT'5(0)) Q*x|d—d |Ae, (16)
andcy=NTI",(0)/6d, , NI'5(x) being the second order ver-
tex functiorf which within mean field approximation is equal
to the inverse structure factor according t6I',(X)
=V/S(Q).1 Its derivatives with respect ta are obtained
from Eg. (5) according toNFé(O)=L2V/RS and NI'5(0)
=0.5L4V/R;"; both derivatives of',(0) have been plotted in D. Effect of thermal fluctuations in diblock
Fig. 2(c). copolymers

Composition fluctuations idliblock copolymersre rel-
evant only on the length scale of polymer chains. This is the
C. The scaling ansatz for blend /copolymer mixtures reason thaB(Q) shows an interference peak at a finite value
of Q*. The renormalized Flory—Huggins parameter for

The decrease of the surface energy with increasing co iblock copolymers can be approached from E3).in the
polymer content leads to a structure factor near the criticai- it b/(dQ**S(Q*))<1 according to

The exponent is found to bgy=0.4 according to the re-
sults in Fig. 2Zb), it is a theoretical result within mean field
approximation.

imi
temperature, which in analogy with the mean field case, Eq.

(5), can be given as T V=TV—Gi\/S(Q*)/V+G/\S(Q*)/V (17
S_1(Q)=S"%0)+1,Q%+1,Q%, (13)  with the Ginzburg number iG
with the coefficient , of the additionalQ* term proportional Gi=6x*d, G(1+b/Q*2?) (18)

to the c, term in the Hamiltonian, as discussed above. For

H * — *\2 3 H
convenience the structure function is written in the following@nd Withx* =(RyQ*)* as before: The corresponding ex-
form:12 pression forl',, derived for pure diblock copolymers by

Fredrickson—Helfané,
S HQ)=S HO)[1+(QH*+Kp~4Q¥&)1], (14

[ V=TV-Gi\/S(Q*)/V (19
where the susceptibility according to scaling laws follow the, . .
relation, is the same as E@17) with the third term equal to zero.

—1/0y— ~— Lty
STO)=C.t (15) E. Effect of thermal fluctuations in polmer blends

with the reduced temperatute- (T—T¢)/T, and the critical

The theoretical approaches for the susceptibility of poly-
amplitudeC , .?* The paramete, given by Ical app usceptibility of poly

mer blends is conceptually different from those of the above
£=S(0)l, discussed ones for block c_:o_polymer_ Ii!<e systems. In case of
polymer blendshe susceptibilitys(0) is interpreted with the

is the correlation length of the thermal fluctuations and theasymptotic crossover model derived by Belyakov and
prefactorKp~?2 is given as Kiseley25:26

Kp~2=1,/(135(0)). t=(1+2.338(0)2/7)(r-D/a

The parametep is a scaling field amplitude, which is given “I& 10V 4 (14 & VAl — yIA
by the square gradient term of the Hamiltonian EL.as [S7(0)+(1+2.335(0)™7) I (20)

— The exponenty=1.24 andA =0.5 are the critical exponents

p=Ca/\Acy|r[=Cc,/\4c,|S™H(0)] of the 3d-Ising model. The rescaled reduced temperature
and is thus a measure of the deviation from the Lifshitz=t/Gi (t=|Tc—T|/T) is formulated as a function of the
point1? rescaled susceptibilit$(0)= S(0)Gi/Cye. The parameters

At the Lifshitz critical temperature the correlation length Gi, Cy,z, andT are the experimental parameters character-
¢losses its meaning ds= 0. ¢ has then to be redefined from izing the system. Gi is the Ginzburg number a@ige the
the then dominatin@* term in Eq.(14); the corresponding mean field critical amplitude o8(0). In theasymptotic lim-
scaling fieldp is constant. At smaller copolymer content, theits t>1 andt<1 the susceptibility in Eq(20) follows the
Q* term in the structure factor in Eq) and(15) becomes  well-known scaling lawsS(0)=Cyet ! of the mean field
negligible, and¢ follows the usual scaling lawf,t™";p is  approximation, an&(0)=C t~” of the 3d-Ising model, re-
given asp?«£@t /], andl, asl,*¢” (Ref. 24 with the  spectively. Experimentally,S(0) is obtained from the
Fisher exponeniy=2— y/v obtained from the critical expo- Ornstein—Zernike approximatict,
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S l(Q) =S 1(0) +1 ZQZ' PEE/PDMS/PEE-PDMS
Thg Ginzbu_rg number is relqted to the ratio between the 150 Disc}rdered ]
critical amplitudes of the 3d-Ising and the mean field suscep- § v .
tibilities according to Refs. 5, 21, and 26 — N Y ]
; U(y—1) 8 §°~ VY Lifshitz Line |
Gi=0.069C_ /Cyp) ™7 . (21) = 100 e ', Lifshitz Line
— T H
Within the FH-model the susceptibility is given &0)/V g o
=[2(T'cV-TV)] ! with the FH-parameteF=T",,/T—T,, e TwoPh
and the respective enthalpic and entropic contributibps § sof ‘Worrhase
andI', (Refs. 1 and 2 The mean field critical amplitude is = :
thus related to the FH-parameters according to [ Ordered |
Cwr=1/2Ts+T,|=T¢ /2, (22) %00 005 010 015 020

which in the limit I' ;=0 leads to the scaling relation Gi Concentration Diblock

_1 .
«V"" (Ref. 5. In order to evaluate the enthalpic term one s 5 gy crimental phase diagram of PEE/PDMS/PEE-PDMS. The filled

needs the “mean field” critical temperatuﬂ@‘cv' which is  circles(®) represent the critical temperatures of the 3d-Ising and isotropic
related to the “real” critical temperatur@. according to  Lifshitz case separated by the dashed area, the open di@jethe critical

TEAF=TC/(1—Gi) (Ref. 26. Thermal composition fluctua- temperatures of the renormalized Lifshitz case, the solid sq(Myethe

ti tabili . | ith the block | t binodal, the diamondé4 ) the order—disorder transition, and the triangles
Ions stabilize, in analogy wi € block copolymer sys ems’(V) the Lifshitz line, and the open squarg¢s) are the crossover to micro-

the disordered phase of the system, and lower theTehy emulsion characteristics. The order—disorder transitiof &0.18 was in-
dependently determined by rheology.

Ill. EXPERIMENT

Small-angle neutron scattering technique was used 1, o e o\ e TAL RESULTS AND INTERPRETATION
measure the structure factor of thermal composition fluctua-

tions in a number of ternary mixtures of similar size PEE andA. Phase diagram
PDMS homopolymers and symmetric PEE-PDMS diblock The phase diagram of the ternary PEE/PDMS/PEE-

copolymer with varying concentrations ranging from vol- PDMS mixture with the near critical PEE/PDMS blend and
. _ ~1r0 .

ume fractionsk=0 to ©=15%. PEE is the acronym _for the diblock copolymer of conter is shown in the range of

partlal_ly deutgrated polgthyl ethyleng and PDMS is ®=0-20% in Fig. 3. It was determined from the behavior
poly(dimethylsiloxang of the susceptibility at the phase boundaries as will be dis-

cussed in the following. The phase diagram in Fig. 3 will

A. Sample preparation give us orientation in the presentation of the experimental
data. A phase diagram of this system including the whole

The homopolymers PEE and PDMS and the symmetrlcConcentration range is published elsewHére.

diblock copolymer PEE-PDMS were all synthesized by an- The phase diagram in Fig. 3 is divided into five sections:

lonic polymerization followed by catalytic hydrogenati@n. The disordered regime at high temperatures is separated by
The PEE-monomers were partly deuterated during the cat:%];_]e Lifshitz line(LL). At ® lower than the Lifshitz line, the

lytic saturation. Based on the measured densities, the chemi-_ - . . - :
cal formula of the PEE monomers in both the homopolymerg 2 hum intensity occurs & =0 while for ® larger than
and the block copolvmer are of.0oHe » The de Peeyof 3he Lifshitz line the maximum intensity is observed at a finite
. poly 4T85 gre *-value. Theoretically, the Lifshitz line is estimated to be
deuteration was not measured independently, but it is know % according tod,, =2a%/(1+2a%) (Ref. 11. The ob-
that only limited isotope exchange takes place during such a d Lif h'g i '-h is ob q ' I. di
rocess® The level of exchange depends on the reactionserve Lifshitz line, OWEVET, 1S observe ata argean 't. _
b ' depends on temperature; its smallest Lifshitz concentration is

cp_ndmons. The samples were all _s_aturated undgr S|m|Ia_r “O%ound at 9.3% and its largest value around 100 °C at 10.9%.
ditions and the measured densities are consistent with a

! L t low and high temperatures the Lifshitz line appears con-
equal degree deuteration. The molecular characteristics are
. . . stant at about 9%. For block copolymer contents above the
summarized in Table I. The ratio of the degree of polymer- .. . . ! o
o . Lifshitz line mesoscopic ordering is expected to occur below
ization of the homopolymers and copolymer i& . .
— NoeNeomg/N —0.178 an ordering temperature. Such an ordering was observed,
PEE TPDMS TTPEE-PDMS ™+ = 1O however, only for copolymer contents dt=14.9% and
above. Below®=14.9% experiments were performed in
some cases down te 10 °C without any indications of an
The scattering experiments were performed at the KWSbrdering transition from the susceptibility alone. Apparent
small-angle neutron scatterif@ANS) diffractometer at the changes in the temperature dependence of the Flory—
FRJ-2 research reactor of the Forschung Zentruitichlu Huggins parametdiFig. 18a)] and changes in the tempera-
(FZJ).%® The composition fluctuations were measuieditu  ture and concentration dependence)f nearT=65 °C and
at the corresponding temperatures. The scattered neutron ifb=11.5% (Fig. 10 give further indications of a crossover
tensity was corrected for background contributions and calito a separate regime between 9% and 14% diblock content
brated in absolute units by a Lupolen secondary standard. which together with the results in Ref. 16 has been inter-

B. Small-angle neutron scattering
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_PEE/PDMS/PEE-PDMS _ comes more relevant for the 8.3% sample as is expected

[ 43%Diblock : Lijﬁig from the reduction of the surface energy caused by the
A T=1384°C diblock component.
M Ezgég In Fig. 5 the inverse susceptibilitg(0) has been plotted
o To1311°C vs the inverse temperature TLfor the five investigated
samples with® less than the Lifshitz line. The critical tem-
% Diblock e peratures determined fror8~1(0)=0 decreases with in-

T-146.7°C creasingd; the solid and open points in the phase diagram of
T=139.5°C Fig. 3 depict them. Th& =4.3% sample behaves similarly

> ¢ 4 »p OB

S(0) [10°moVem’]

:ng to pure blendsS~1(0) shows at high temperature mean field
' characteristics, and near the critical point 3d-Ising critical
= TTaraC behavior with a crossover regime given by the Ginzburg
o T=139.1°C . -
4 To1307°C number in Eq(21). This is demonstrated by the correspond-
v T=1222°C ing fitted solid line obtained from the crossover function by
o e Belyakovet al. in Eq. (20).2>2® This crossover function has
o T=104.8°C successfully been used by us for the interpretation of poly-
e e e T R mer blends. T_he secqnd dashed line in_ the figurg_represents
Q*[107A™7] the asymptotic 3d-Ising scaling law with the critical expo-

nenty=1.24 as calculated from the parameters of the cross-
FIG. 4. Structure factor in Zimm representation for three diblock concen-over function.
trations. At 4.3°/_¢S(Q) is descr‘ilbed by the Ornstgiq—Zernike law, at 6% and The susceptibilities of the other samples plotted in Fig. 5
above contributions from th@” term becomes visible. with slightly largerd could be analyzed with the expressions

of the susceptibilityS(0) derived from Eq(8) with Q* =0

and the corresponding renormalized FH-parameter of Eq.
preted as a bicontinuous microemulsion phase and which ig2). The fits are depicted by solid lines; they describe the
indicated by the symbagkE in the phase diagram. stronger curvature of the experimental data rather well. For

For ® below the Lifshitz line, ordering occurs on a mac- the 8.3% sample the data points nd@ar are not well de-

roscopic scale by phase separation. The binodal and the spiseribed andT is fitted at a lower temperature. The param-
odal phase boundaries are depicted in the phase diagragters obtained from the fit are the FH-paramdtgiand b,
The ®=0 system is at a slightly off-critical concentration andc,. The two latter parameters are related to the first and
while for the systems with finite copolymer content critical second derivative of the second order vertex functio®at
behavior was observed where the phase decomposition coia=0 as discussed in Sec. IIB. Their numerical values are
cided with infinite susceptibility. So, the solid line representscollected in Table Ill. A discussion of these data on the basis
the critical points. The Lifshitz critical point is a multiple of scaling laws and the corresponding critical exponents and
critical point connecting the line of transitions to macrophaseamplitudes will be given later in Sec. lll E.
separation with the line of microphase separation, as already
discussed in the theoretical parts above. The Lifshitz point. Structure factor and susceptibility near the Lifshitz
can, however, only be realized within mean field approximadine
tion; according to the Ginzburg criterion thermal fluctuations
stabilize the disordered phases differently in blends and i
diblock copolymers and thereby destroy the Lifshitz
point11~1The phase diagram shown in Fig. 3, including the
ordered uE-phase is qualitatively similar to the diagram
found in an analogous polymer mixture of
PE/PEP/PE-PEP.

n The SANS data of the samples between 9% and 11%
diblock concentrationb show at low and high temperatures
the characteristic behavior of diblock copolymers, iS$Q)
shows maximum at finit€®* -value, but at intermediate tem-
peratures that of homopolymer blends, i$(Q) maximum
at Q=0. The curved Lifshitz line shown in the phase dia-
gram(Fig. 3) reflects this behavior. Apparently, the Lifshitz
line is not constant in diblock copolymer content as expected
from theory. The measured structure factors of the three in-
vestigated samples are shown in Fig. 6. The corresponding
susceptibilities,S(0) or S(Q*) are plotted in Fig. 7 vs the

In Fig. 4 the structure factd®(Q) of three samples with inverse temperature, while tHe coefficient ofQ? and the
copolymer content below the Lifshitz line has been plottedQ* -values of the maximum intensity have been plotted in
for various temperatures vs the momentum tran€)em Fig. 8 and 9 as a function of temperature. The structure fac-
Zimm representation, e.gS 1(Q) vs Q2. The solid lines tor S(Q) has been fitted with the approximate expression of
represent fits of Eq(13) from which three parameters, Eqg. (7) as demonstrated by the solid lines. The Flory—
namely the susceptibilit$s(0) and the coefficients, andl, Huggins parameter, the Ginzburg number, and the statistical
are obtained. A =4.3%S(Q) is sufficiently well described segment length have been evaluated for each temperature of
by the Ornstein—Zernike approximation with=0 similarly ~ the experiment from the expressionsafb, ¢, din Ref. 13
to blends. For larged the Q* term inS(Q) becomes visible and Eq.(9) and directly fromS(0) with Eq. (12), assuming
as demonstrated for thk=6% and 8.3% samples and be- that the parameters in E(L2) are constant with temperature.

B. Structure factor and susceptibility below the
Lifshitz line
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PEE/PDMS 4.3% Diblock PEE/PDMS @ 6.7% Diblock
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PEE/PDMS @ 6% Diblock

FIG. 5. Inverse susceptibility vs inverse temperature.
S(0) in the 4.3% sample follows a crossover function
4 between mean field and 3d-Ising ca@mtted curve
while S(0) of the other samples show stronger renor-
malization according to fluctuations; they are fitted by a
E theory using a Hartree approximation in the Brad-
zovskii formalism.

$(0) [10°mol/cm’]
$7(0) [10°mol/em’]

1 1 1 1 0 M T P
235 240 245 250 2.35 240 245 2.50 255 2.60
UT [10°/K] UT [107/K]

PEE/PDMS @ 8.3% Diblock
12 — T r :
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—
[

04
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T
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00 2.7 2.7

SHO)[10 mol/em’]

O | 1
24 25 26 27
VT [107/K]

Their resulting numerical values are collected in the Tablestrong increase is observed B(Q) near Q=0 between
Il and IV, and will be discussed later. In Fig.5 1(Q*) has 54 °C and 78 °C even though with its maximum value is still
also been fitted with Eq(17) representing the limit of a at a finite, though smallQ* -value. Upon further increase in
diblock copolymer as indicated by the solid line. This fit T, a strong decrease &(Q) is observed, with its peak-
describes the data well, it is a guide for the eye and theiposition approached &= 0. This means that near the low-
parameters have not been given here. temperature part of the Lifshitz line, the one-phase stabiliz-
Even though the general characteristics of the structureng effect of the diblock copolymers must be remarkably
factor, and the related parameters, are similar for the threeeduced as the long-range fluctuation modes have strongly
samples with, respectively, 9.3%, 10%, and 10.9% copolyincreased. At higher temperatures the intensity is again re-
mers, the 9.3% sample shows a remarkable deviation. Bottiuced, and above 141 °C re-entrance to the phase with the
the S(0)-and theS(Q*)-values decrease continuously in the character of a diblock copolymer appears. It appears from the
10% and the 10.9% samples, as is best seen from the plotsiinset in the plot of the 9.3%-data in Fig. 6, showing the data
Fig. 7. The 9.3% sample, however, shows a significant difmeasured at 150 °C, that the statistics of the block copolymer
ferent behavior. After a continuous decreasesD) in the  like S(Q) is quite bad. The conclusion that reentrance to
microemulsion-phase between 34 and 54°C a relativelplock copolymer like characteristics is, however, strongly
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FIG. 7. S(0) and S(Q*) values from different PEE/PDMS/PEE-PDMS
FIG. 6. Structure factor for concentrations between 9.3% and 10.9%. In thisystems as obtained fro(Q) in Fig. 6 and the corresponding fitS(0)

concentration range, transitions from diblock to blend and from blend toand S(Q*) are given logarithmically, while the inset shows the data on
diblock character are observed by increasing the temperature. linear scale.
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FIG. 8. Coefficientl, of the Q2 term of the inverse structure factor. The Temperature [°C]

negative and positive numbers determine the respective diblock and blend
character. The Lifshitz line is defined foy=0. PEE/PDMS @ 10% Diblock
]. 5 T T T T 4 T N

| T, =82.5°C ) 3 ot
supported by the temperature dependendsg ofjiven in Fig. 12 b L=1132°C Q=4210 AT/"
8, showing a pronounced maximum. I P
Both S(Q) and S(Q=0), as shown in Figs. 6 and 7, -
have been fitted with the theoretical expressions according :Z or Q'=26710" AT ¥ ]
to, respectively, Eqs(8), (9), and (12). The fit of S(0) is o | ! ]
depicted as a solid line in the figure, and the resulting fit- = 6L ,
parameters are collected in Table IV. Only the 10% sample O i !
is well described by theory in the whole measured tempera- L T
ture range. The temperature range of this sample exceeded,
however, only slightly the lower Lifshitz line. For the 9.3%
sample the theoretic&®(0) describes the experimental data
only above the lower Lifshitz temperature, while the de-
crease ofS(0) near the lower Lifshitz temperature is not Temperature [°C]
described by theory. The 10.9% sample shows also signifi-
caqt deviations; theS(O)—sgscgptibility is only well de- PEE/PDMS @ 10.9% Diblock
scribed above the lower Lifshitz temperature and $(& ————————
=Q*)-value above and below the Lifshitz temperature can ISF I3 81 22037°C b
only be fitted with different sets of parameters. This ob- i 300 -
AT //

served discrepancy betwe&(0) and theory might be a fur- 2L
WA

.33

ther indication for an ordered regime below the lower Lif- 1 . 3 '
shitz line. 2 ARIOAT oo
Crossing the Lifshitz temperature becomes clearly vis-

ible from the temperature behavior of the coefficienof the

Q? term of the inverse structure factor in E@3), and which
has been plotted in Fig. 8 for threk-values. The positive
and negative values ¢f corresponds to the respective blend [
and diblock character of the samples. There is yet no theo- 3 |
retical description of the observations in Fig. 8. Within the
mean field approximation the Lifshitz line is predicted to O ——

occur at a constant diblock concentratidnas the vertex 3050 70 90 110 130 150

function I';(0) becomes zero at the Lifshitz concentration Temperature [°C]

shown in Fig. Zc), which means thalt, in S(Q) of Eq. (5) FIG. 9. Q* values vs temperature for three concentrations. The ranges of
becomes zero at this concentration. The paramlqtenb- diblock and blend character are clearly seen. Near the Lifshitz temperatures
tained via Eq.(13) is of course influenced by thermal fluc- Q" can be fitted by a scaling ansatz.

tuations which are not included in the mean field parameters
Fig. 9 givingQ* vs temperature. At the Lifshitz temperature

I';(0) andL, in Eqg. (5). A theoretical expression fdy, is
Q* becomes zero. The behavior@f near the Lifshitz line

not known to us.
An even more clear impression of the Lifshitz line is can approximately be described by a scaling I@#o|T

obtained from theQ* -values of theS(Q)-peak, as shown in — T, | A7 with an exponeni3; between 0.3 and 0.4 when

70 90 110 130 150

-3A-l]
0
L)
/
14
/
’

Q[10
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TABLE IV. Parameters of samples larger than the Lifshitz line fr§¢0). PEE/PDMS/PEE-PDMS ,
® (%) T, (molKicn?) T,(10°*molicn?) bo c® A e =5
9.3 0.7-0.06 —(0.93+1.5) 3.9-1 -0.03 | v =l ]
10 0.490.04 2.38-1.03 2203  —0.09 3 LA T=145°C .
10.9 0.44-0.02 1.06-0.6 1.48-0.08 -0.18 — «,
12.1 0.48-0.03 2.03-0.7 2801 -03 ot s ]
14.9 0.33:0.01 —(1.07+0.2) 3.1x0.04 -0.61 "‘2 2t ‘/ ,,V’/ 1
Calculatedc, . ‘o ‘A'A”g:',
1k QLLQ‘:\J 4
\ ;ggi%if
approachingl,, from both low and high temperature®* ?“ i
becomes only to some extent constant at low temperatures 0 e A &SN
far from the Lifshitz line. The change d®* with @, as 0.00 0.05 0.10 0.15 1.00
predicted from the mean field theory, has been plotted in Fig. Concentration Diblock

,Z(b)’ _Very near the Lifshitz cqncentrgtlon a power law pehaV_FIG. 10. Q* vs concentration at 145, 100, and 65 @* changes discon-

ior with an exponent of 0.4 is predicted. Corresponding €X1inuously at the Lifshitz concentration and increases very fast to the value of

perimentalQ* values measured at 65, 100, and 145 °C havehe pure diblock copolymer. At 65 °C two transitions at 9% and 11.5%

been plotted vsb in Fig. 10. As in a first order phase tran- diblock concentration are observed. The transition at 11.5% might be inter-
o, * . . reted as an order—disorder transition to a bicontinuous microemulsion

S|_t|on_ theQ value_seems_ to Q|scont|nuously change at thésotructure_

Lifshitz concentration which is about 11.5% and 9% at

100°C and 145 °C, respectively, and then further increas% .
o L C .(7). Th rr ndin = n =Q*)-val

with diblock concentration approaching the value of the purearqe ( I)ottedeirf?:i esimzo a:jnft)g’;(% (St)h:r \?\iﬁ% §e) ivaezeii

diblock copolymer. At 65°C two steps " are visible one Fi pl3 The sol?d lines in Fi g12 represent besgt] fits of the

at the corresponding Lifshitz concentration of 9% the other S 9. P

at 11.5%. The latter step at 11.5% might be a further indica—renormallzed susceptibility, according to E() for the

. " . . . S(Q*) andS(0) values, and the corresponding renormalized
tion for a transition to a microemulsion phasee also dis- FH-parameter of Eq(17) and of Eq.(12). The parameters
cussions in context with Fig. 18]. The dashed lines have P q g.(14). P

) - from the fit of S(0) are summarized in Table IV. The values
been plotted as a guide for the eye. For a more detalle(cJ!’]c S(Q=0) and S(Q=0Q*) show the same characteristic

analysis and proo_f of the microemulsion p_hase one Surel){emperature dependence. For the 14.9% sample a slight de-
needs more experimental data from more diblock concentra-;

. . .. Vviation of the susceptibility from its theoretical description is
tions and also from application of the D/H contrast variation o 4 . .

) 0 .. observed at 30 °C, reflecting the order—disorder transition to
technique<? It seems, however, clear from the data in Fig.

10 that no scaling withd occur near the Lifshitz line as a lamella phase. A corresponding discontinuity is also ob-

: * :
predicted by theorysee Fig. 2b)] and as it is observed at sewsd n thclﬁ(or)] andQ -vaIu_es_(IF|gsH 12 an(fj 1B In the
constant® between 9% and 11% with changing temperatureéz'l/0 sampo €, there was no similar changes for temperatures
(see Fig. 9 own to 14 °C, showing that the samploe did not order into a
lamella phase, to at least down to 14 °C. TQé&-value for
the peak position is theoretically predicted to be constant, as
shown in the calculations given in Fig(l®. In reality, how-
ever,Q* changes with temperature, likely as a consequence
Two samples beyond 12% diblock concentration haveof the influences of the degree of the thermal composition
been studied and the results are presented in Figs. 11—-1#uctuations. Close toT=100°C a relative pronounced
Figure 11 shows the structure fac®(Q) of the 12.1% and change appear in the temperature dependence of the
14.9% samples, as plotted in a semilogarithmic represent&* -value, resulting in an only weak dependence at low
tion. For all temperatures between 143 and 17 °C the maxitemperature. The observed change of slope ofQfedata
mum value ofS(Q), and thereby the susceptibility, was ob- for the 12.1% sample at 98 °C might result from the close
served at finiteQ* -values indicating thatb is beyond the approach to the Lifshitz line.
Lifshitz line at all temperatures. The solid lines in the figures  Figure 14 shows the susceptibili§(Q=Q*) and the
are the result of the theoretical scattering function given inpeak positionQ*, of the pure diblock copolymer. A clear

D. Structure factor and susceptibility beyond the
Lifshitz line

TABLE V. Critical parameters of the isotropic Lifshitz critical range. The 4.3% sample has been analyzed by
the crossover function between mean field and 3d-Ising ranges.

® (% T (°C) Gi(107?)  C (cm¥mol) y & (A v p=2—ylv
4.3 129.7 1.50.6 323+ 148 1.24 0.632 0.038
6 121.9 “e 293+ 60 1.370.03 3.5-0.3 0.84:0.01 0.37#0.01
6.7 116 S 227+ 30 1.62£0.02 2.70.6 0.950.03 0.2%-0.01
7.4 111.4 S 269+34 1.61-0.02 2.2+0.5 1+0.03  0.39-0.01
8.3 97.9 “e 279+ 63 1.62c0.03 1.9-0.6 1.03:0.05 0.430.02
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FIG. 11. Structure factor for two concentrations with exclusively diblock
character(see phase diagram in Fig).3The solid lines represents a fit of -3
S(Q) in Eq. (7). 1/T[10 /K]

FIG. 12. S(Q*) andS(0) vs inverse temperatureTL/ The data are fitted by

. h f th ibility i h d the theory of Kielhorn and Muthukumar. For the 14.9% sample a weak
step wise change of the susceptibility Is seen at the or €l Grder—disorder transition was found at 30 °C; such a transition was not

disorder phase transition at 83.3 °C. The solid line represenispserved for the 12.1% sample.
the theoretical expression in E@.7) and the corresponding
fit parameters are given in Table Il. The peak positi@h

linearly decreases with decreasing temperature in the disor-, . - -
dered regime and shows a clear change in its behavior beloWhICh the susceptibilit(0) and the two coefficients, and

the order—disorder transition. YX emerges. In theb=4.3% _sample,S(Q) Is sufficie_ntly
well described by the Ornstein—Zernike approximation cor-
responding td,=0. For larger block copolymer contents the
Q* term becomes visible and relevant. The inverse suscepti-
We now discuss the behavior of thermal compositionbility S™*(0) vs 1T is shown in Figs. 5 and 15. Thé
fluctuations in the disordered regime below the Lifshitz line=4.3% mixture behaves similarly to blends, namely, from
from another point of view, namely, in terms of critical ex- high to low temperatures a transition framean-fieldto 3d-
ponents of the susceptibility and the corresponding correlalsing critical behavioris observed. This is demonstrated by
tion length obtained from asymptotic scaling laws. The structhe corresponding fisolid line) of the crossover function by
ture factorS(Q) of three samples have been plotted in Fig. 4Belyakov et al?® as already discussed. The second line
for various temperatures in Zimm representat®r vs Q2. through some of the 4.3% data represents the asymptotic
The solid lines represent fits according to E3) from  3d-Ising scaling law with the critical exponent=1.24 as

E. Lifshitz critical range and crossover behavior

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



J. Chem. Phys., Vol. 112, No. 12, 22 March 2000

PEE/PDMS @ 12.1% Diblock

n 03

Thermal composition fluctuations 5467

PEE-PDMS Diblock

7 N | AL S R | ]
L6ro o, T:.QSOC ] F
e | 1 ""E‘ ] ]
o : 102 R} s r ]
:'fﬁ 14| Q00600000 g _ p
E E'o. OOQ:Q;Q%OZ X ‘Oo 4 - ’ _ .
* 1 Ve —_— Ty =83.3°C
< L *%ee {o.1 =
12 ' L | o 3
; 4———..'~ ] —‘g E
\oo- “ 2t
1ot b e L R ) L ?
24 26 28 30 32 34 1k oy -
N i
/T [107/K] | .
N L 1 2 L L 1 L
PEE/PDMS @ 14.9% Diblock 2.2 2.4 2.6 2.8
2.7I""I""I""I"'I""l"'0.8 3
" ' /T [10°/K]
2.5 %

A 10.6 PEE-PDMS Diblock
—:’_‘2.3‘0000% ToD'r:3.OOC 4 00 LA BN oy e e B BSLELLSY SRR
= ¢¢ o | “*\
< $ 0000 ——= : Toa e
S . oodpoom | 395F e ]

-—-e : - ”
1.9F ‘% ; ! "+ ]
| : 4022 . 3.90F ‘. -
1.7+ E oo ] :< ’\‘ TODT=83'3OC:

- 2% M % 3.85F g D]

1.5""""'""""":'“ 0.0 bt H Q“\‘ ]
24 26 28 30 32 34 * [ M E ]
i < 380} ’\*ﬁ* :
/T [10°/K] ; #J;
FIG. 13. Q* values ofS(Q) from Fig. 11 vs 1T. Strong shifts of the peak 3.75¢ 1
maximum are observed with temperature. In the 12.1% sample a much
stronger slope is observed at higher temperature above 100 °C. This might 370
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be related to the close approach to the Lifshitz line at this temperature. ' 2|3 21.4 215 26 27 28 29
1/T [16°/K]
eya_luated from the crossover func_tlon' The inverse SusceptfflG. 14. Susceptibility an@* for the pure diblock copolymer. A relatively
bilities of the diblock concentratiord=6%, 7.4%, and strong change of the order parameter is observed at the order—disorder tem-
8.3% are characterized by curvatures far beyond that of thgerature. In the disordered regime the susceptibility was fitted by the
®=4.3%. Such larger curvature corresponds to an increaggedrickson—Helfand theory according to E#y7).
of the v-exponent, indicating a crossover to the universality
class of theisotropic Lifshitz case These susceptibilities
could be analyzed over the whole temperature range by thepen dots in the phase diagram. In this range the suscepti-
scaling law according t& *(0)=C;t” with the reduced bilities were analyzed by the same scaling law as demon-
temperaturet=(T—Tc)/T, and the critical exponenty, as  strated for the 8.3% sample in the inset of Fig. 15; the cor-
demonstrated by the solid lines. This also means that theesponding appreciably larger exponents and the critical
Ginzburg number corresponding to the critical range abovéemperatures are summarized in Table VI and plotted in Fig.
Tc has strongly increased in comparison with the 4.3%16. On the other hand, in the 7.4% sample phase separation
sample. A similar analysis has also been performed for theccurred at the higher critical temperature shown as a full dot
correlation length according té= ¢, t~ " with the critical  in the phase diagram and no additional crossover was ob-
exponenty. The obtained critical exponents are collected inserved. This experiment was performed with larger tempera-
Table VI and are shown vs the copolymer content in Fig. 16ture steps and therefore the sample spent much less time in
In two samples with concentration 6.7¢ot shown in  the region of strong thermal fluctuations. The experimental
Fig. 15 for clarity and 8.3% an additional crossover was procedure was always the same; after the sample reached the
observed very near the critical temperature and phase sepdesired temperature within the limits of less than 0.1 K two
ration was observed at a lower critical temperature plotted asxperimental runs of 10 and 30 min were started. Based on
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6% diblock content a crossover from 3d-Ising to isotropic Lifshitz critical

FIG. 15. Inverse susceptibility vs inverse temperat@@) in the 0.043  behavior is observed. Nedg. a further crossover to a renormalized Lifshitz
sample follows a crossover function between mean field and 3d-Ising casfitical behavior was observed.

while S(0) of the other samples follows a scaling law with larger critical

exponents.

critical behavior, which have been observed in some binary
polymer blends$?#3in those blends an inhomogeneously dis-

these data we conclude that for the samples between 6% aggbuted free volume could account for such a crossover be-
9% diblock content two consolute lines can be realized exhayior.

perimentally. These are plotted by the open and full dots in
the phase diagram, respectively; phase separation occurs tf:l
ther at the upper or at the lower lines, depending on whether’
the crossover to the new universality class can occur or not. The structure factor plotted in Fig. 4 in the Zimm pre-
Such a crossover, however, is observed only if the experisentation shows that in the ranges where thermal composi-
ments are performed sufficiently slowly. We abbreviate thistion fluctuations are described within the 3d-Ising universal-
as therenormalized Lifshitz critical behavio@An interpreta- ity class the coefficient, in Eq. (13) is negligible andS(Q)

tion of this crossover might be related to rearrangements o described by the Ornstein—Zernike approximation. The
the diblock copolymers as caused by the strong thermal conerossover to the Lifshitz critical behavior shown for the criti-
position fluctuations neaf: and which further stabilize the cal exponents in Fig. 16 starts at 6% diblock concentration.
sample against phase decomposition. Such an effect was it this ® we also begin to observe a contribution frogto
deed observed in a ternary symmetric homopolymer/diblockS(Q) from a slight deviation from linearity in the presenta-
copolymer system by a simulation study on spinodal decomtion of Fig. 4. This contribution becomes stronger at lager
position; in the early to intermediate time regime the blockas is visible for the 8.3% sample. This observation is a clear
copolymers became accumulated at the interface of thexperimental indication of the connection between the cross-
domains®® In our experiments we already observed this ef-over between the critical universality classes of 3d-Ising and
fect in the disordered phase near the critical point. Such &otropic Lifshitz cases and the reduction of theandl,
behavior was not observable in the simulations as one starteadrms in the HamiltoniafEq. (1)] and structure facto8(Q)

from a mean field free energy expression neglecting thermdEqg. (13)], respectively, being proportional to the restoring
fluctuation. Because of the observed large thermal fluctuaforces of thermal composition fluctuations. The strength of
tions near the critical point an early stafeg., a linear re- the Q* term can be also characterized Kp 2 in the struc-
gime) of spinodal decomposition is not observable as theure factor of Eq(14) and which is plotted in Fig. 17 vs the
fluctuation modes already interact in the disordered regimeorrelation lengthé in double logarithmic scale. Approach-
leading to nonlinear effects right from the beginning of theing the critical temperaturé becomes infinite andKp 2
phase decomposition process. This crossover might be approaches zero as is expected for diblock compositions less
quite analogous to the transition torenormalized 3d-Ising than the Lifshitz valué? At constant¢ the Kp~2 increases

The Q* term of S(Q) near the Lifshitz critical point

TABLE VI. Parameters in the renormalized case.

D (%) T. (°C) C. (cm¥/mol) y & A v p=2—ylv
6.7 107.4 78 2.440.1 3.5 1.140.12 —(0.14+0.02)
7.4 not observed because of a faster cooling rate by larger temperature steps
8.3 91.4 55 2.430.06 2.4 1.¥0.05 —(0.21+0.01)
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G. Flory_IHUQ%mS parameter, Ginzburg number, and FIG. 18. (a) Flory—Huggins parameter vsTLas evaluated frons(Q) with
segment lengt Egs.(8) and(9). The deviations from the straight lines at low temperatures

The analysis of the structure fact®(Q) measuring are interpreted related to an Ofdering transition toapicontinuous microeml.JI-
" . ; . sion structure(b) Flory—Huggins parameter for all investigated samples;
thermal composition fluctuations in the disordered state Ofey were derived from the fitted straight lines(@ and from Eqs(20) and
the three component polymer mixture was mainly performed12), depending on whether the sample is in the 3d-Ising or isotropic Lif-
on the basis of the formalism developed by Kielhorn andshitz critical region.
Muthukumar in Ref. 13 and which takes the effects of ther-
mal fluctuations into consideration, as reviewed above in
Sec. IIB. For samples with a diblock concentration largerl8(a@ as the borderline to a bicontinuous microemulsion
than the Lifshitz line with the maximum &(Q) occurring  phase. This borderline has been plotted in the phase diagram
at a finite Q, the most general application started with theof Fig. 3.
analysis ofS(Q) by Eq.(7) (see solid lines in Figs. 6 and 11 In addition, the FH-parameter was evaluated fr§(0)
which for each equilibrium state delivers four parametersusing Eqgs.(8) and (12), which for diblock concentrations
namely, a, b, ¢, d Based on these four values and theirsmaller than the Lifshitz line becomes the system suscepti-
expressions given in Ref. 13, the FH-parameter, the Ginbility. In order to analyzeS(0) the parameters in Eq12)
zburg parameter, and the statistical segment length were cdtad to be assumed independent of temperature. The just
culated for each temperature from E). The so obtained mentioned formalism could not be applied for diblock con-
FH-parameter has been plotted in Fig(d)&s 1/T. The data centrations smaller than 5%; for those samples the thermal
mainly follow a straight line according t&'=1I",,/T—I',  fluctuations show the critical behavior of the 3d-Ising univer-
with the enthalpic and entropic contributions whose numbersality class as in binary polymer blends, including the cross-
have been plotted in Fig. 8 and are given in Table Il. The over to the mean field behavior. So, the FH-parameter of the
FH-parameters in Fig. 18) follow a straight line at high pure blend and 4.3% sample was evaluated from the fitted
temperatures while at temperatures just below the lower Liferossover function in Eq20) and has been depicted in Fig.
shitz line deviations are observed as indicated by the arrowd.8(b).
This means that at low temperature the theoretical approach The statistical segment lengiln is another parameter
does no longer describe the experimental data; a transition tbtained from the parametdrin the parameterized form of
a different state could be the reason for this deviation. Withthe structure factor of Eqg7) and (11). It describes the
reference to the results of Bates all® we interpret this polymer conformation according to its relationship with the
behavior and the temperatures as indicated by arrows in Figadius of gyration R§=0'2N/6). In Fig. 19 the values of
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PEE/PDMS @ 14.9% Diblock Fig. 3. According to the mean field theory the Lifshitz line
[y o T should be at a constant block copolymer content in contrast
- ] to the observation.
Y o ] Beyond the characteristic border lines presented in the
‘% . | Sont® ] phase diagram in Fig. 3 the “critical” characteristics of the
£ 6A5t- o Topr . thermal composition fluctuations in the disordered regime
g I o were determined, including the identification of the cross-
= 60f .." ] over behavior from the universality classes of 3d-Ising to the
5 ',.0”' isotropic Lifshitz and to a renormalized Lifshitz case leading
% ssp T <o>=5.64A ] to a lower phase boundary indicated by the crossed area and
@ the open dots, respectively. In the ternary PEE/PDMS/PEE-
so L . , . L PDMS system the mean field approximation can, however,

24 26 28 30 32 34 only be a rather poor approximation. In particular, critical
fluctuations will become strong near the isotropic Lifshitz
critical point since the stabilizing effects from the surface
FIG. 19. Statistical segment length for the sample with 14.9% diblock con-€nergy, expressed by tlog term and by thd, term in Egs.
centra_tions as qbtained from the fit. At high temperatures the co_nformatior@j_) and(13), respective|y, becomes small. This effect is ex-
gtfr:tncrl]cézal coil is approached while at lower temperature the coils becom'f:)ressed by an upper critical dimension, which is derived as
' dy=8 at the Lifshitz line*>~**The Lifshitz point, however,
is destroyed by these thermal composition fluctuations, as
according to the Ginzburg criterion the stabilization of the
of the 14.9% sample is shown as an example; at high tendisordered phases is much weaker in blends than in diblock
peratures one finds in all samples a very good agreemesppolymers::'2On the other hand in the ternary system of
with the expected valuéo)=5.64 A from the literaturd®  PE/PEP/PE-PEP, where the appearance of a microemulsion
Upon decreasing the temperature a marked increase in thghase was first establish@dhe observed critical exponents
segment length reflects a stretching of the polymers. remained the mean field valu&sThis situation is different
from the present system and must be related to the order of
magnitude smaller molar volume of the polymers in the PEE/
PDMS system, relative to the PE/PEP system. At the Lifshitz
point the Ginzburg number scales with 2® in comparison
We presented SANS experiments on the three compowith blends where &l™* is proposed, which means an ap-
nent mixture composed of the near critical polymer blendpreciably stronger sensitivity of Gi with molar volume.
PEE/PDMS and the corresponding diblock copolymer. The A detailed analysis of the structure fac&(Q) andS(0)
ratio of the molar volumes between homogeneous andvere performed with the theoretical approach formulated by
diblock copolymer ise=0.178. From measurements of the Kielhorn and Muthukumd? which for homopolymer blends/
static structure factd®(Q) the phase boundaries between thecopolymer systems takes fluctuations into consideration on
disordered states at high temperatures and, respectively, thee basis of the Hartree approximation. The resulting fits,
micro- and the macrophase separated states at low tempepshich are represented by the solid lines in the corresponding
tures were determined for the PEE/PDMS/PEE-PDMS sysfigures, represent the experimental data rather well. Three
tem. These results are summarized in the phase diagram @faracteristic different diblock concentration ranges appear
Fig. 3. The macrophase separation is realized as a usual séo-the phase diagram. First, we considered the two samples
ond order phase transition in the low diblock copolymerof largest diblock content at 12.1% and 14.9%. In these
limit. For higher copolymer content, microphase separatiorsamples the susceptibility always occurs at the figye
appears as a first order phase transition to a lamella orderetlue. The fit ofS(Q) is presented in Fig. 11 from which the
state above 14% diblock content with a periodicity given byparameters are collected in Table Il. In additi§f0) was
the size of the diblock copolymer and to a bicontinuous mi-fitted as depicted in Fig. 12 and the corresponding param-
croemulsion phase between roughly 9% and 14% diblocleters are collected in Table IV. The susceptibilyQ*)
concentration. The phase boundary of the latter phase watself was fitted by Eq(17) representing the Fredrickson—
proposed indirectly from anomalies of the concentration deHelfand approach and is demonstrated by the solid line. The
pendence oQ* (Fig. 10, the FH-parametdiFig. 18a)] and  corresponding parameters are not given. The transition to an
from information in Ref. 16. In the disordered regime, theordered state is observed in the 14.9% sample, as highlighted
fluctuations are reflected through the structure factor maxiin the inset of Fig. 12 showing the deviations $(f0) from
mum, S(0) and S(Q*), which represents the susceptibility their theoretical prediction. The deviations are still weak in
and the maximum amplitude of the thermal fluctuationcomparison to that of the pure diblock sample, shown in Fig.
modes. The fluctuations resulting in respectively macro and4. A similar deviation was not observed for the 12.1%
microphase separation is occurring for a maximuns{Q) sample and those with lower diblock content.
at, respectivelyQ=0, andQ=Q*, Q* being finite. The The samples between 9% and 11% diblock content show
Lifshitz line separating these two disordered ranges wasan intermediate behavior between the characteristic behavior
identified experimentally, as shown in the phase diagram imf blends and diblock copolymers. This is most clearly seen

VT [10°/K]

V. DISCUSSIONS AND CONCLUSIONS
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in the plots of Fig. 9 showing the peak positiQtf vs tem-  tropic terms ofI" for the other three component samples
perature. According to these figures the samples show th&how a rather strong scattering within the same order of mag-
characteristic behavior of diblocks both at low and at highnitude of the pure diblock and of the 0 and 4.3% samples.
temperatures, while at intermediate temperature the behavidihe apparent difference of the FH-parameter of binary poly-
is polymer blend like with the susceptibility given @&=0  mer blends and the corresponding diblock copolymers has
of S(Q). These observations imply that the Lifshitz line de- been discussed in Refs. 10, 35, and 36. The conclusion of
pendents on the diblock content as depicted by the dashelefs. 10 and 36 was that the absolute values of the FH-
curve in the phase diagram in Fig. 3. Near the Lifshitz lineparameters are always smaller in diblock copolymers which
the Q* approaches with temperature zero exponentially withs consistent with the data of the present work.

an exponent roughly between 0.3 and 0.4, which is quite  The Ginzburg parameteri@ Table Il is rather constant
similar to the theoretical exponent @* upon approaching for the diblock copolymer and the three component mixtures.
the Lifshitz line by changing concentrations, as proposed byrhe corresponding Ginzburg number of the 0 and 4.3%
the mean field calculation shown in Figb2 The change of sample evaluated from the crossover function is about two
Q* with concentration depicted for three temperatures inorders of magnitude smaller than for the diblock copolymer.
Fig. 10, however, shows a different behavior; at the LifshitzSimilar ratios were also found for another syst&m.
concentration a stepwise increase @f is observed as is The values for the segment length are plotted in Fig. 19
typical for an order parameter change at a first order phasier the 14.9% sample. At high temperature the statistical
transition. At 65°C even two stepwise changes@f are  segment length approaches the value given in literature for
observed, while at 9% diblock content the Lifshitz line is the corresponding linear polymer components. The polymers
passed the second step to a fif@& is observed at 11.5%. become stretched by decreasing the temperature. A slight
This change irQ* we interpret as the phase transition bordershrinkage of the chains is observed by passing the order—
to a bicontinuous microemulsion phase in consistence witllisorder temperature.

results from Ref. 16. Th&(Q) of these samples is shown in The susceptibilities for a diblock content of 6% and
Fig. 6, and theirS(Q*) and S(0) in Fig. 7; the solid and larger as depicted in Fig. 5 have also been interpreted from
dashed lines represent the corresponding fits whose parartfte point of view of scaling laws, valid asymptotically close
eters are collected in Tables Il and IV. An irregularity wasto a critical point and plotted in Fig. 15. These scaling laws
observed in the 9.3% sample in so far as a continuous inare characterized by the critical exponents and amplitudes.
crease of5(Q*) andS(0) with decreasing temperature was The numerical numbers of the critical exponents of the sus-
not observed; at the lower Lifshitz line a decreas&@@*)  ceptibility and correlation length are depicted in Fig. 16. For
andS(0) is observed. This means that in this sample the longoncentrations with block copolymer content below 5.5% the
wavelength fluctuations became partly unbounded from théhermal fluctuations are described by the universality class of
diblock copolymers if approaching the lower Lifshitz line. the 3d-Ising behavior. Betweed®=5 and 7%, approxi-

In the samples with a diblock content lower than themately, the system crosses gradually over to the isotropic
Lifshitz line the susceptibility is always represented$fp)  Lifshitz critical behavior characterized by a critical exponent
which have been plotted in Fig. 5. The solid lines represenfy=1.62) significantly larger than the 3d-Ising valug (
the corresponding fits with Eq42) and (13); their param- =1.24). Even larger critical exponents were obtained after
eters are collected in Table Ill. The Kielhorn—Muthukumarthe crossover to the Lifshitz renormalized state very close to
theory could not be applied for the 4.3% sample; in this caséhe critical temperature(=2.44). The critical exponentg
the fluctuations showed the characteristic behavior of polyand v are related by the Fisher scaling relation to the Fisher
mer blends, namely a crossover behavior from cases of mea@xponenty presented in Tables Il and Ill. The experimental
field approximation to the 3d-Ising model. The correspond-7 values are of the order of one magnitude larger than those
ing solid line represents a fit of the crossover function in Eqof polymer blends in the 3d-Ising regime, and become nega-
(20) and the dashed line the scaling law according the 3dtive in the renormalized state. A crossover from 3d-Ising to
Ising model with the critical exponent=1.24. an isotropic Lifshitz and renormalized isotropic Lifshitz criti-

The main parameters obtained from application thecal behavior is observed even though the Lifshitz critical
Kielhorn—Muthukumar theory t&(Q) andS(0) are the FH-  point itself cannot be reached experimentally; it is sup-
parameter, the Ginzburg number, @nd polymer conforma- Pressed by strong thermal composition fluctuations as is seen
tion. The enthalpic and entropic terms of the FH-parametePy the parametep in Eq. (14) which is not constant but
from all samples are shown in Fig. 18 and are summarized igingular near the critical temperatuiféig. 17).

Tables II-IV. The values obtained fro8(Q) andS(0) and

Egs. (12 and (16) are the same within the error bars and AckNOWLEDGMENTS
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