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The effects of adding AB diblock copolymers to A/B binary blends on the structure and
thermodynamics of critical nuclei are studied using the self-consistent field theory. At a fixed ratio
of the amount of the two homopolymers, depending on the degree of polymerization and
composition of the diblocks, their addition to the blends can either increase or decrease the
nucleation free energy barrier relative to the pure A/B blends. The qualitative trend can be deduced
from the shift in the coexistence boundary and the spinodal. The distribution of diblock copolymers
in critical nuclei depends on the composition of the diblocks and the quench depth. Near the
coexistence, symmetric diblocks exhibit surfactant behavior, being highly concentrated on the
interface of the critical nuclei. Near the spinodal, they act more like co-solvent with a relatively
uniform distribution. © 2003 American Institute of Physic§DOI: 10.1063/1.1566941

I. INTRODUCTION being amphiphilic molecules, the AB diblocks will accumu-
late at the interface of the nuclei, thus lowering the interfa-
Recently, the self-consistent field thed§CFT) was ap-  cial free energy cost for the formation of the droplets, but
plied to the study of homogeneous nucleation in an A/B bi-this occurs at the expense of the translational entropy of the
nary polymer blend. Within the framework of mean-field diblocks. On the other hand, the addition of AB diblocks to
theory, the SCFT avoids some common approximations thak/B homopolymer blends shifts the coexistence and the
are often made in calculating the properties of the criticalspinodal, thus changing the thermodynamic driving force for
nuclei, such as the capillary approximation near the coexisthycleation, with the sign of the shift depending on the de-
ence and the square-gradient approximation near the spigrees of polymerization and the composition of the poly-
odal, and thus allows the entire range of the metastable rgpgrs.
gion of the phase diagram to be studied using a single  oyr interest in this problem is motivated by three con-
thgoretlcal framewqu. Furthermore, by.a guantitative ?Valu'siderations. First, multicomponent homopolymer and block
ation of the nucleation free energy barrier near the spinodal,on4ymer blends are systems of wide industrial applications
the SCFT provides a consistency criterion for the validity of ;. theoretical intere€t® The A/B/AB ternary system
the mean-field approximation as well as predicts the onset Ogerves as the simplest model system for understanding the
crossover in the phg_f,e separation kinetics from nucleation tgomplex phase behaviors in such blends. The roles of AB
Smedal. decomposition. diblock copolymers on the equilibrium, bulk properties in
. In this paper, we use SCFT t_o ad_dress the effects of ABA/B blends are relatively well understood: The diblocks can
diblock copo!ymers on nucleatlon in A/B homqpolymer either act as surfactants to lower the interfacial tension by
t_)lends_. Specn_ﬁcally, we wish to answer the following ques'adsorbing at the A/B interface, or serve as co-solvent and
tion: Given a fixed ratio of the amount of A and B homopoly- distribute uniformly throughout the blends to improve their

mers, does the addition of a small amount of AB diblock - . .
. . compatibility, or phase separate into a new copolymer-rich
copolymers increase or decrease the nucleation free ener

-10 H
barrier? The answer to this question is not obvious, as ther%Y]aseG' However, there has been no theoretical work that

. . . elucidates the roles of the diblocks in the nucleation event
are several competing factors at play in governing the nuclet- { leads to phase separation. Therefor ur study wil
ation behavior of the system. On one hand, it is expected thapa. '€ads phase sep - nerefore, our study |

nicely complement previous theoretical work on the equilib-

rium, bulk properties, and will provide the theoretical basis
dAuthor to whom correspondence should be addressed; electronic maifqgy controlling the nucleation behavior in A/B blends by the
zgw@cheme.caltech.edu e .

YAuthor to whom correspondence should be addressed; electronic maif'flddltlon of the AB diblock _copolymers.

ylyang@srcap.stc.sh.cn Second, several experiments by Balsara and co-workers
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aimed at probing the nucleation in A/B binary homopolymervolume so thab = 1. For studying nucleation in a metastable
blends involved adding an AB diblock copolymer in order to bulk phase, it is convenient to work with the grand canonical
lower the demixing temperature and thus control the distancensemble with chemical potentials,. Because the chemi-
to the phase boundary without signficantly affecting the timecal potentials of the components in an incompressible mix-
scales for molecular motiott:*2 Their work showed that in- ture are not all independent, we setz=0. The derivation
creasing the amount of diblock copolymers can either switclof the SCFT is similar to that given in Refs. 16 and 17 and
the mechanism of phase separation from spinodal decompaeill not be repeated here. The grand potential can be written
sition to nucleatioht or decrease the rate of nucleatfdn. as

These authors also argued, based on the theoretical wor,

mentioned earlier, that in the temperature and compositiofée[d)’*'¢B’wA’wB'§]

ranges of the experiments, the block copolymers primarily

act as co-solvent distributing themselves uniformly in the :f drixa(r) ¢a(r) = wa(r) da(r) — we(r) ¢a(r)]
blends at allearly) stages of the phase separation. However,

the validity of such arguments B priori not clear without _ expBraNHa) Qual @]

directly studying the problem of nucleation, because the NHa RALTA

block copolymers may well play a different role in the inho-
mogeneous nuclei from that in the uniform, equilibrium bulk
state or from that near the equilbirum interface of the phase-
separated blends. For example, while the equilibrium inter-
facial width decreases with increasing Flory—Huggins pa- +f dr &(r)[ da(r)+ ¢g(r)—1], (1)
rameter y, the interfacial region of the critical nuclei
broadens ay increases from the coexistence to the spinodalWhere 8=1/(kgT) and x is Flory—Huggins interaction pa-
Our study will allow us to address both the distribution of thefameter,¢, and ¢g are the total monomer volume fraction
diblock copolymers and their effects on nucleation barrier. ©f A and B, respectively, with contributions from both the

Finally, as amphiphilic molecules, AB diblock copoly- homopolymer and diblock copolymes, (a«=A,B) is the
mers share many common features with other surfactant sy§30|e¢U|ar self-consistent field conjugatedq, and¢ is an
tems. Density functional theory has been applied to Studyﬁectlve pressure field to ensure the incompressibility con-
gaS -to- ||qu|d nuc'ea“on |n the presence Of amph|ph|||cstra|nt Note that the Cube Of the thermal de BrOglle wave-
molecules® Nucleation of micelles has also been studiedlength is replaced by the volume of the chalpw; this sim-
using both density functional thedfyand SCFT® While ply leads to inconsequential shift in the chemical potential.
these studies provide useful insights into nucleation involv- I Ed. (1), Q, is the single chain partition function of
ing amphiphilic molecules, it is desirable to address directlychain« in the presence of external fields, and wg:
the effects of surfactant molecules on nucleation in liquid—
liquid phase separation. QK[wA!wB]:f dra.(r,N,), « HAHBAB, (2

The rest of this paper is organized as follows. In Sec. Il,
we briefly describe the SCFT and the numerical method ap/here the end-segment distribution functipe(r,N,.) is ob-
plied to the calculation of critical nuclei in an A/B/AB blend. t@inéd from solving the modified diffusion equation
In order to make reference to the bulk phase diagram of the [ 9 b2 ) ]
system, we also provide a brief review of the relevant results |-~ g Vr T @«(1) |d(r,7)=0, « HAHB ()
for the coexistence and the spinodal of the system. The main
results are presented and discussed in Sec. IIl. We first foc 8" homopolymers, and
on symmetric diblock copolymers added to binary blends of [ 9 Db? 5 ]
A and B homopolymers having equal degree of polymeriza- | 5-~ 5 vVt @a(1) [Gas(r,7)=0, 0<7<fNpg,
tion in order to highlight the main effects without the com- ) :

L . . r 2 (4)
plications due to the introduction of extra parameters. The N _
effects of asymmetry of the diblocks are then presented sepa- |97 B Vit es(n)|0as(r ) =0, fNag=<7<Nag
rately. We conclude in Sec. IV with a summary of the main '
results of our findings.

ex Nug) 1
- WQHB[‘UB] QAB[wA ,0g]
HB

for the diblock copolymer, anél is the A-block composition

in the diblock. The initial conditions amg,(r,0)=1. Because
of the lack of inversion symmetry for the two blocks in the
II. THEORY AND METHODOLOGY diblock copolymer AB, it is necessary to introduce a conju-
gate end-segment distributiogixg(r,7), which satisfies a
similar modified diffusion equation to E¢4) with d/dr mul-

We consider an incompressible ternary blend of ho+iplied by —1 and with initial conditiongg(r,Nag) =1.
mopolymers A and Bhereafter designated as HA and HB, The self-consistent field equations are obtained by a
respectively and a diblock copolymer ARlesignated as variational extremization of the grand potential with respect
AB), with degrees of polymerizatioN, (x=HA,HB,AB). to dp, Pg, wa, wg, € respectively, which yields
The polymers are modeled as Gaussian chains, and for sim- wp=xbatE )
plicity we assume the same monomeric volumand Kuhn BTXPAT S
lengthb for all the polymer species. We choose units for the — wa=xdp+ ¢, (6)

A. Self-consistent field theory

Downloaded 15 Sep 2007 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 118, No. 19, 15 May 2003

ePrHaNHA Ny
ba= N J d7qua(r, 7)dua(r,Nya—7)
HA 0
1 fNag "
+ N d70(r, 7)0ag(r,7), (7)
AB
ePrueNHB [Nyg
¢B:N—f d70pg(r, 7)Que(r,Npg— 7)
HB 0
1 Nag «
+N_ d70ag(r, 7)AxR(T,7), (8)
AB J fNpg
dat dp=1. 9

In order to calculate the free energy barrier for the for-

mation of the critical nucleus, we need the grand potential of
the metastable homogeneous state. For the metastable homu-

Nucleation in binary polymer blends 8999
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geneous state, the self-consistent field equation set can Ipes. 1. Free energy of formation of the nuclei as function of the material

solved readily. The molecular field can be calculated as

0 ln(()bgB) 0 0
AT T TN F(1=F)x[1-2(¢pat+foap)l, (10
o In(4Rs) o o
wg=— Nag —fX[1-2(dpyatTdpp)] (11
and the chemical potential can be written as
In s In g
Buma= N T Px1-2(¢ks
HA AB
+f e, (12
In¢i  In(¢ag)
Bune=— N~ (X1 2(duatdRe)].
HB AB
(13
Therefore, the grand potential density is
9°=x(ha+ T dRe)*+ XT[1-2(dPa+ fhRg)]
sl dhe_dho »
NAB NHA NHB NAB.

Subtracting the grand potential for the uniform meta-

excess of the total A segments fgi’,=0.16, $35=0.1, f=0.5, aus

=1.0, andy=1.38. The maximum aM$~310 marked by a star corre-
sponds to the critical nucleus. The inset shows the relationship between the
material excess from the AB diblock and that from the homopolymer HA on
the nucleation path.

in these quantities. We define the material exdé§5and the
radius of the critical nucleuR using the total density profile
of the A segmentsp,: MS=4x 5 r2dr[ a(r)— ¢3] and

4o (= 3 0
REMex r dr[¢A(r)_¢A]-
A JO
Similarly, M, andMgg are defined using the density pro-

files of the homopolymer HA and the diblock AB.

B. Identifying the critical nucleus

Because the critical nucleus corresponds to a free energy
maximum in the material excess of the nucleating species,
straightforward application of the SCFT will not yield the
desired solution. To capture the rare concentration fluctua-
tions leading to nucleation, the calculation must be con-

stable phase from that for the critical nucleus, we obtain th&trained with respect to the material excess. Here we follow

reversible work of formation, or the free energy barrier for
nucleation as

AFF=GH {4,050} 08 £} =G
) rzdr{wzeﬁ;—wmg
0

0,0
Lokt —old!

- > ]
a=A

¢0

exp(Bu N b
N,

N q (r7NK)_

K

x=HA,HB,AB K

I}

(19
», o (e=A,B) and & are the solutions to the

where ¢

a similar scheme to that in Ref. 1 in the pure HA/HB binary
blend. However, because there are two independent concen-
tration variables in the current case as opposed to the pure
HA/HB binary blend, the full free energy surface should in-
volve both HA and AB. By constraining only the overall
material excess of the A monomeky*, the free energy is
thus minimized with respect to the partitioning of the overall
M into contributions coming from the homopolymer HA
fm and from the AB diblocksM gy . This allows us to
reduce the two-dimensional reaction coordinate into a one-
dimensional one. Th{, versusMyg plot as we increase
MY, therefore, corresponds exactly to the nucleation path in
these two variables. A typical one-dimensional free energy
surface is shown in Fig. 1, with the inset showing the nucle-
ation path in the two order parametevi), and My (The

self-consistent field equations for the critical nucleus. Fordimensionless propertiesF, M$*, M5, andM % defined

simplicity of notation, we will omit the superscript asterisk
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C. Phase diagram For a given overall composition, the coexistence be-
‘tween the HA-rich and HB-rich phases is determined by the
&quality of chemical potential of species HA and HB, respec-
rr1ii_vely, in both phases, and the equality of the grand potential
of the two phases. In general these conditions lead to a set of
transcendental equations that can only be solved numerically.
The spinodal curvéthe limit of metastability of the ho-

ogeneous phasés determined bY

In order to specify the thermodynamic state of the ho
mogeneous metastable phase, we provide a brief review
the relevant part of the phase diagram for our ternary syste
The full phase diagram for the HA/HB/AB ternary blend is
quite complicated:"*"18A large amount of diblock copoly-
mer would lead to microphase separation. Because we are
interested in nucleation for macrophase separation, we thd®
limit our consideration to block copolymer concentrations

below the Lifshitz poinf From the solution to the self- fuana Trane -0 17)
consistent field equations for the homogeneous state, we ob- frera  frens
tain the free energy density of mixing for the HA/HB/AB .
ternary blend: with
0 0 0 0 0 0
Af— ®as IN(PHas) N brg IN(Prp) N PrnIN(Ppp) fIJ:(i_LMi_L)Afmix' | J=HAHB.
Nag Nps Npya gy ddps)\dd;  IPag (9

+x(BPat T dRe) [ Bhet (1— 1) pRe] - _ _
o The condition(17) leads to an analytical expression for
— ¢apxf(1-1). (16)  the value of the Flory—Huggins parameter at the spinodal:

. NAB¢XB+ NHA¢E{A+ NHB¢€|B
P 22N g A2eNHe s+ (1— f)2NuadPaNag 2 + NiadPaNmsd s ]

(19

1. RESULTS AND DISCUSSION in the ternary blendg2; , and the ratio of the amount of the
homopolymers by their volume fractions in the original bi-

In order to highlight the main effects of diblock copoly- nary blends; that is

mers on nucleation without introducing too many param-
eters, in this study we assume the homopolymers HA and

HB to be of the same degree of polymerizatidt g = Nyg ~0 ¢3A
=N). The chain length of the added AB block copolymers d)HA:l——(ﬁf\B
is rescaled asxpg=Npg/N. The length, material excess,

and free energy barrier are nondimensionized byand

defining
r ~ bR
?E y 0 = .
N e 1= 0%
- M & o .
M &= NELTEE «:A,HA,AB, Fixing the ratio of the amount of HA and HB corre-

sponds to fixingdg, (or ¢2g since the two add up to ope

In the following, we first present the results for symmetric
diblock copolymers since this case illustrates most clearly
and simply the effects of these molecules on nucleation in
the HA/HB blends. We then discuss the effects of asymmetry
of the diblocks. For all the results we present, the reduced

volume fraction is set ad®,=0.16 unless otherwise speci-
fied; we do not expect qualitatively new effects by changing

~ ~0
X:X/Xc,b' ¢HA'

~ PBAF v
TN

and we define a reducédusing the critical value ok, x.
for the binary HA/HB blends in the absence of diblock co-
polymers:

To focus on the effects of adding a small amount of the
AB block copolymers on nucleation in the binary blends
HA/HB, we imagine a thought experiment in which the ratio
of the amount of HA and HB is held constant while the If the added AB block copolymers are symmetric in
diblocks are added. To this end, it is convenient to expressomposition (=0.5), the coexistence condition and the
the amount of the block copolymers by their volume fractionspinodal condition can be written analytically as

A. Symmetric diblock copolymers
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FIG. 2. Effect of the amount of added symmetric diblock copolymers of theFIG. 3. Phase diagram showing the effect of the relative chain length of the
same chain length as the homopolymefs-0.5, a,s=1) on the coexist- symmetric diblock copolymers in the HA/HB/AB ternary blends ¢

ence and the spinodal in the HA/HB/AB ternary system at fixkt =0.1 andg,=0.16.
=0.16.

odal, and diverge in these two limits. Because these two
( P ) properties have similar behaviors, only the radii of critical
In| ————— nuclei are discussed in this paper.
1_¢E|A_¢2B Even for diblock copolymer concentrations below the
a (1—-2¢%,— ¢%8) Lifshitz point, it is possible to form swollen micelles. Our
preliminary calculations show that this can occur for in-
Q,aA creased concentration and/or length of the diblock copoly-
— mers. In this paper, we focus on nucleation leading to mac-
1- ¢E|A roscopic phase separation and have chosen parameters such
- (1-23%,)(1— ¢2 )’ (20 that micgllizat'ion dqes not oceur. Formation of swollen mi-
HA AB celles will be investigated in a future study.
Near the coexistence, the critical nucleus is highly struc-
aAB¢23_¢9\B+1 tured and has a sharp interface, much like the equilibrium
= pUpET interface between two coexisting phases. The nearly uniform
(112 apsdpp(1— dRg) +2(1— pap)*bradis density of the nucleating species inside the nucleus is very
(21) close to but slightly higher than the coexisting phase because
of increased osmotic pressure due to curvature. Therefore,
In Fig. 2, we show the coexistence and the spinodal as aear the coexistence limit, the critical nucleus can be consid-
function of the amount of symmetric diblock copolymers ered as a droplet of the incipient coexisting phase. As the
added for the case af,g=1. Both the coexistence and the immiscibility increases from the coexistence boundary to-
spinodal shift to higher values of the reducgdwith the  ward the spinodal, the critical nucleus become less structured
addition of the diblocks. For a fixed amount of diblock co- and the density variation becomes more gradual. This behav-
polymersd)gB, the coexistence is independent of the degreeor is demonstrated in Fig.(d) where we show the overall
of polymerization of the diblocks. However, the spino§g}  density profile for A segments at several values of the re-
decreases monotonically with increasing degrees of polymeducedy for ¢35=0.1 andag=1.
ization of the diblocks. This is shown in Fig. 3. We will make The behavior of the overall density of the A segments is
reference to these phase diagrams when we discuss the sfrongly correlated with the distribution of the diblock co-
fects of diblock copolymers on nucleation. polymers. As shown in Fig. 4, near the binodal, the critical
Although adding the AB block copolymers shifts the nucleus has a relatively sharp interface, with a strong en-
binodal and the spinodal boundary of the binary blends HAhancement of copolymer concentration in the interfacial re-
HB, the basic characteristics of the critical nuclei of macro-gion. The critical nucleus resembles emulsion droplet with
scopic phase separation are similar to those in the pure bihe symmetric diblocks acting as surfactants. Upon increas-
nary blends HA/HB: The work of critical nuclei formation ing the quench depth to the spinodal, the interface of a criti-
decreases monotonically with the increas§ dfom the bin-  cal nucleus becomes diffuse; the distribution of the diblocks
odal where it diverges, to the spinodal where it vanishes. Theecomes flat with only slight enrichment at the center of the
material excess and the radii of critical nuclei have theimucleus. In the spinodal limit, the diblocks would distribute
minima intermediate between the coexistence and the spirwiformly just like co-solvent. Therefore, the behavior of

NXco=

In

Nxs
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FIG. 5. Free energy barrier for the formation of the critical nuclei as func-
tion of the amount of added symmetric diblock copolymefrs-0.5, axg

=1) at fixed$,=0.16 and several values t

diblocks is taken to be the same as that of the homopoly-
mers, i.e.apg=1. Clearly in all three cases, the free energy
barrier increases with increasing amount of diblock copoly-
mers. The closer the system is to the spinodal of the binary
system, the stronger is the effect. Because the free energy
barrier shown in Fig. 5 is scaled By"?, for long polymers
the increase in the actual free energy barrier can be substan-
tial. Therefore in a binary system very close to its spinodal, it
is possible to suppress nucleation by the addition of a small
amount of AB diblock copolymers. Thus our results indicate
FIG. 4. Three representative density profiles for the critical nuclei withthat the addition of symmetric AB diblock copolymers with
symmetric AB diblock copolymcirs of the same chain length as the hO'CYAB: 1 to HA/HB blends not only stablizes the blends ther-
mopolymers {=0.5, aag=1) at $y,=0.16 and¢ppg=0.1. (a) The total  modynamically but also kinetically by increasing the free
density of A segmentg,, and(b) the density of AB diblock copolymers oo o harrier for nucleation, with the increase driven largely
¢ g and the densities of individual blockcs, ¢cg. The thin lines in(b) . . Y
are for g by the decreased thermodynamic driving force. This finding
is consistent with the experimental results by Balsara and
co-workers, where they find that the addition of diblock co-
symmetric diblocks in the critical nuclei changes from polymers can switch the mechanism of phase separation
surfactant-like to co-solvent-like as the blends approach théom spinodal decomposition to nucleation or otherwise de-
spinodal from the binodal. Such behavior should be concrease the rate of nucleatidri”in the metastable region.
trasted with the equilibrium behavior, where increasing the ~ Although the physically relevant comparison for the ef-
immiscibility makes the interface between the HA-rich andfects of added diblock copolymers is at fixgdoor equiva-
HB-rich phase sharper, and thus makes the diblocks behay@ntly x), it is of theoretical interest to introduce a rescajed
more like surfactant=® Therefore, the local environment of Using the actual criticaly. of the ternary systeniy’
the critical nuclei is important in determining the distribution = X/ xc - In terms of this reduceg’, the coexistence curve is
of diblocks and it is generally not justified to deduce theunaffected by the addition of symmetric diblocks while the
behavior of the diblocks in the critical nuclei from the equi- Spinodal boundar§ ¢, decreasegnot shown. Thus at fixed

~

librium behavior. X', adding symmetric diblocks draws the blends closer to the
We now return to the main question that we posed inspinodal. Correspondingly, the free energy barrier decreases.
Sec. |, namely, whether the addition of AB diblock copoly-  Finally, if symmetric diblocks are added while keeping

mers increases or decreases the free energy barrier for nuckie total A/B monomer ratio fixed rather thé}ﬂA, Fig. 6
ation in HA/HB binary blends. The experimentally most rel- indicates that the nucleation barrier increases with more sym-
evant situation is a comparison at fixed temperature and fixedhetric diblocks added at fixég. At a fixed total A/B ratio,
ratio of the amount of HA and HB. Thus we first present theadding symmetric diblock copolymers shifts both the coex-
result at fixedy. Figure 5 shows the free energy barrier as aistence and spinodal boundary to lower temperature; thus the
function of the amount of diblocks added for three values ofblends are farther away from the spinodal and closer to the
X- In this calculation, the degree of polymerization of the coexistence.
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FIG. 6. Free energy barrier for the formation of the critical nuclei as func—gclf]'oi' trlmzc;ereelz rt]i\elggﬁhb;:]”gnfotrhtg? tfr?(;n?satrlr?;:tfrit:heA;nctili(lr:)?cl)gkuzfl ;S ;:Jgg
tion of the amount of added symmetric diblock copolymefrs- 0.5, apg 9 Y poly

=1) at fixed total A-segment volume fractiash=0.16. (=05, ¢35 =0.1) at fixed,=0.16 and several values &

These comparisons at different conditions suggest thatritical nucleus as a function ¢f at several values of the
the qualitative effects of symmetric AB diblock copolymers amount of symmetric diblocks. Because both the coexistence
on the work of critical nuclei formation can be understood byand the spinodal curves are shifted to larfeby adding
the shifts in the spinodal and the binodal boundary. If bothsymmetric block copolymers, and the dimension of the criti-
the spinodal and the binodal boundaries are shifted to higheral nucleus should diverge at both limits, at a fixgdthe
temperatures, the resulting ternary blends are closer to thi@dius of the critical nucleus increases with increasing the
spinodal and farther away from the coexistence, and the freamount of block copolymers when close to the coexistence
energy barrier decreases. On the other hand, if both the spilvoundary but decreases when close to the spinodal.
odal and coexistence are shifted to lower temperatures, the The relative degree of polymerization of symmetric
free energy barrier increases. When the shifts of the spinoddllock copolymers to that of the homopolymers has effects on
and coexistence are in opposite directions, the effects are ntheir interfacial activity and compatibilizing capability. Both
obvious, as will be demonstrated later when we discuss ththeoretical calculatioll and experimend??° show that the
case of asymmetric diblocks. longer block copolymers have stronger interfacial activity

The radius of the critical nuclei as a functionfs also and compatibilizing effects for the equilibrium phase-
found to be strongly correlated with the thermodynamic stateseparated states.
of the ternary system. In Fig. 7, we show the radius of the = The degree of polymerization of symmetric diblocks

also affects the free energy barrier of nucleation. Figure 8
indicates that at the same volume fraction and fixedhe
10 free energy barrier decreases with increasing chain length of
] _._¢:B=0.00 the symmetric diblock copolymeri. This behavior can t_Je ra-
p tionalized from the phase diagrafn versusa,g shown in
——¢5=005 Fig. 3: increasing the relative chain length of symmetric
—A—¢f3=0.10 diblocks while maintaining the same volume fraction has no
effect on the binodal boundary, but shifts the spinodal to
lower’y. Thus at fixedy, adding longer symmetric diblocks
makes the blends closer to the spinodal boundary, and thus
decreases the work of formation of critical nuclei.

The radius of critical nuclei as a function §fat differ-
ent diblock chain lengthéot shown also can be correlated
with the change of phase diagram. With increasing the rela-
tive chain length of symmetric block copolymers, the dimen-
sion of critical nuclei decreases near the coexistence bound-
11_2 "3 14 15 18 17 18 19 ary, while it increases near the spinodal. Near the spinodal, at

fixed , increasing the relative chain length of symmetric
x block copolymers makes the blends closer to the spinodal

FIG. 7. Radii of the critical nuclei as function & at fixed $2,=0.16 for and thus increases the radii of critical nuclei.

several values of the added amount of symmetric AB diblock copolymers of ~ COmpared t? pure binary blends HA/_HB{ nucleation in
the same chain lengthf €0.5, apg=1). blends added with long enough symmetric diblocks can ex-
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FIG. 9. Free energy barrier for the formation of the critical nuclei as func-FIG. 10. Phase diagram showing the effect of the composition of the AB
tion of the amount of the symmetric AB diblock copolymers fig=1.5 at diblock copolymers of the same chain lengthag=1) at fixed $Ps
fixed ¢2,=0.16 and several values &t =0.16 and¢35=0.1.

hibit lower free energy barrier. Figure 9 shows the depenthe main effects on nucleation for very asymmetric diblocks
dence of the nucleation barrier on adding symmetric diblocke@n be understood as an effective change in the composition
copolymers of relative degree of polymerizationg=1.5 of the orginal HA/HB binary blends. For example, at lafge

for several values 6§. While aty= 1.4, the addition of the the diblocks are more like the HA chains and their addition
diblocks leads to an increase in the free energy barrier, fogffectively increases the composition of the HA, and from
the two higher values d§, the free energy barrier first de- the inverted parabolic shape of the coexistence and the spin-
creases and then increases with the addition of the copolydal curves of the binary system, this change brings the sys-
mers. These behaviors can again be correlated with thi€m closer to the spinodal and thus decreases the free energy
changes in the phase diagramot shown, where the spin- barrier relative to the pure HA/HB binary system. Away from
odal shows the nonmonotonic change with the amount of thghese limiting cases, however, the behavior of the nucleation
diblocks. Aty = 1.4, the addition of the diblocks draws the barrier with the composition of the diblocks is not simple, as
system closer to the coexistence, while at the other twds clear from Fig. 14a), which reflects the nonsimple depen-
larger values ofy with the low addition of the diblocks, the dence of the coexistence and the spinodal wittor ex-
dominant effect is a decreased distance to the spinodal arfimple, when 0.158f<0.5, increasing the composition of the
with the addition of more diblocks, both the spinodal and theA block increases the coexisterigg, but decreases the spin-

coexistence shift toward higher valuesjfand the blends 0dal’Xsp. _
are nearer to the coexistence. While the effects of the asymmetry of the diblocks are

not simple at the experimentally relevant condition of fixed
X, in terms of fixedy'= x/x. wherey. is the actual critical
value of y for the ternary system, a relatively simple picture
The effects of asymmetric diblock copolymers on theemerges. In a phase diagrgp versusf (not shown, both
phase diagram are complicated. While the spinodal can bihe coexistence and the spinodal boundary decreases mono-
determined analytically according to E(L9), the coexist- tonically with increasing the composition of the A block.
ence must be calculated numerically. In Fig. 10, we show th& herefore, as shown in Fig. @), at fixedy’, increasing the
phase diagram of binary blends HA/HB added with asym-composition of A block lowers the free energy barrier of
metric diblock copolymers AB of the same chain lengthnucleation monotonically.
apxg=1.0 for fixed ¢XB=O.1. If the phase diagram is repre- The dependence of the size of critical nucleusyoat
sented byy versusf, the coexistencg., has a maximum at differentf reflects changes in the phase diagram. Relative to
f=0.5, however; the spinoddls, has its maximum neaf  the symmetric case df=0.5, both the coexistence and the
=0.15. spinodal shift to loweify in the case of =0.75. Correspond-
The composition of asymmetric diblock copolymers ingly, the size of critical nucleus fdr=0.75 is smaller near
strongly affects the distribution of the diblocks in critical the coexistence but larger near the spinodal than thaf for
nuclei. While the symmetric diblocks act either as surfactants=0.5, as shown in Fig. 12. Far=0.25, the coexistence
or co-solvents depending on the proximity to the coexistencéoundary shifts to smallef while the spinodal shifts to
or the spinodal, very asymmetric diblocks behave more likdargery relative to the blends with symmetric block copoly-
the homopolymers and are thus either enriched in or exmers. Consequently, the blend witkr 0.25 has smaller criti-
cluded from the critical nuclei, with the extent of enrichmentcal nuclei than that witlf =0.5 near both the spinodal and
or exclusion decreasing as the spinodal is approached. Thtise coexistence.

B. Asymmetric diblock copolymers
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FIG. 12. Radii of the critical nuclei as function §fat fixed %, =0.16 and
q&,‘_{B:O.l, showing the effect of composition asymmetry in the diblock
copolymers of the same length as the homopolymerg€1).

The distribution of diblock copolymers in the critical
nuclei depends on the composition of the diblocks and the
quench depth. Near the coexistence, symmetric diblocks ex-
hibit surfactant behavior, residing preferentially at the inter-
face of the critical nuclei. Near the spinodal, they act more
like co-solvent with a relatively uniform distribution. Such
behavior is in contrast to the equilibrium behavior, where
increasing the immiscibility makes the interface between the

10° y T y T y T y T y HA-rich and HB-rich phase sharper, and thus makes the

00 02 04 06 08 10 diblocks behave more like surfactdnt
! Our work in this paper has been focused on nucleation
FIG. 11. Free energy barrier for the formation of the critical nuclei asl€ading to macroscopic phase separation. However, the phase
function of the composition of the AB diblock copolymers of the same chainbehavior of the full AB/HA/HB ternary system is extremely
length (@as=1) at fixed p%,=0.16 and¢2z=0.1. In (@) ¥ is kept con-  rich and complex. While straightforward application of the
stant; in(b) X' is kept constant. self-consistent field methods can successfully treat the peri-
odic and disordered phases, it is unable to treat emulsion
droplets and swollen micelles. Because these structures can
IV. CONCLUSIONS be considered as arising from large but local concentration
) ) ) fluctuations, similar to nucleation leading to macroscopic
_ Using the self-consistent field method, we have examypaqe separation, the method we have developed for nucle-
ined the effects of adding diblock copolymers AB on nucle-yion can be easily extended to study the thermodynamics of

ation in binary HA/HB blends, with an emphasis on thehege structures as well as the nucleation event that leads to
changes in the nucleation barrier. Upon the addition ofyeir formation. We plan to do so in future work.

diblock copolymers at a fixed ratio of the amount of the two

homopolymers, the free energy barrier can either increase or
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