PHYSICAL REVIEW E 69, 031801 (2004
Ordering mechanisms in triblock copolymers
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The ordering mechanisms for akBC triblock copolymer system are studied using self-consistent field
theory. We find a two-phase mechanism, similar to what has been suggested experintardaghep mecha-
nism). Analysis of free energy components shows that the two-phase process comes about through a compe-
tition between stretching energy and interfacial energy. The mechanism is found to be sufficiently robust so as
to make it potentially useful for device applications.
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[. INTRODUCTION etal. [8,9, who examined polyisoprendeckpoly
(Dg-styreneg-block-poly(vinyl methyl ethey triblock terpoly-
Block copolymers are macromolecules composed of dismers and found that ordering may proceed via a two-phase
similar homopolymers covalently tethered together. In parmechanism. Segregation of one species from the other two
ticular, AB diblock copolymer melts have received much at-occurred first, followed by complete microphase separation
tention, and over the past few years our understanding of theetween all three chemical spec[d$)].
microphase-separated morphologies has significantly in- With this in mind, we investigate theoretically the order-
creased1-3]. In the microphase-separated state, the connedng process of a triblock copolymer in two cases—one case
tivity of A andB blocks requires the molecules to stretch inwhere the three components of a triblock simultaneously
order to formA- and B-rich domains. The result is that the segregate from each other and the other case where two of
domain sizes cannot exceed molecular length scales, arile componentsA andC) mix while segregating away from
manyA/B domain interfaces form. In an attempt to compen-the third B). Using self-consistent field theosCFT) [2],
sate for the stretching, spontaneous curvature of the interfasge determine the regimes where these two cases occur and
occurs. This tendency is enhanced for increasingly asymmefind that it very much depends on the morphologies consid-
ric molecules resulting in the well-known array of morpholo- ered. Also, we clarify the physical concepts that control the
gies ranging from lamellar to cylindrical to spheres. At theselection between the two cases.
boundary between the lamellar and cylindrical phases a num-

ber of complex morphologies with favorable interfacial cur- Il. THEORY

vature can exist, however, the gyroid structure is the only ) )
stable phase because of a lower packing frustrgédrthan Since SCFT has already been appliedABC triblock
other phases. copolymers by a number of authors1-16 we limit our-

Parallel with these advances in the understanding of theelves to briefly summarizing the theory. More details on
morphological behavior of diblock copolymers, several pre-plock copolymer SCFT can be found in the recent review by
liminary studies have illustrated that the behavior becomedatsen[2].
far more complex and elaborate with the addition of a third Consider a volumé/ containing an incompressible melt
block [5]. The ABC triblock copolymer is architecturally ©of n ABC triblock copolymer molecules, each of polymer-
only slightly more complicated than th&B diblock copoly-  ization N, based on a common segment volupig'. The
mer, but generates a phase diagram so complex that to datestatistical segment lengths of the B, andC segments are
has been only marginally exploredBC triblock copolymer ~ given bya,, ag, andac, respectively. The SCFT free en-
morphologies must minimize the stretching energy fromergy for this system is thefi5]
three different domains and the interfacial energy from up to

three distinct interfaces. Additionally, there are geometrical F o il =l if d N

constraints on the domain sequence requiring thBtrech nkgT Nv|™v r{xasN@a(r) es(r)
domain be in contact with botA- and C-rich domains. This

complexity results, in contrast to the four distinct morpholo- +xecNes(r) @c(r) + xacNea(r) ec(r)

gies offered byAB diblock copolymers, in a far richer pal- _ _ _
ette of morphologieg5]. Increasing our understanding of WA @ar) = We(1) @s(1) ~We(r) ¢c(r)
ordering and control oABC triblock morphological behav- —&(N[1—@a(r)—eg(r)—eg(r)]}. D
ior provides a powerful alternative to the use of simple
diblock systems for nanopatternif] and nanopatrticle scaf- In Eq. (1), ¢a(r), ¢g(r), and ¢c(r) are the local segment
folding applicationgd 7], for example. (monomey densities, andva(r), wg(r), andwc(r) are the
Preliminary studies of complex ordering in triblock conjugate chemical potential field§(r) is a field that en-
systems were experimentally undertaken by Yamauchiorces incompressibilityQ is the partition function of a
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single triblock molecule subject to the B, andC chemical (a) 1
potential fields.T is the temperature, and; is Boltzmann’s

constant. The degrees of incompatibility between various o, r, . , .
monomer types are represented by the Flory-Huggins param- 0= N

etersyag, xsc, andxac-

SCFT is implemented by varying the free energy func-
tional (1) with respect to each of the seven functiangr),
ep(r), oc(r), wa(r), wg(r), we(r), and&(r). The result-
ing set of equations can be found in REE5]. These equa-
tions are solved numerically and self-consistently to find the
equilibrium morphology for a given set of system param-
eters.

Three of the parameters are the Flory-Huggins segrega-
tion variables. Since in Eq1), these segregation parameters
a_llways appear as a product with the degree of_polymerlza- FIG. 1. Density profiles for akBC triblock copolymer melt in
tion, we will take agN, xgcN, andxacN as the indepen- ;o4 phase witly,cN="50. (a) A segment distribution(b) B

dent quantities from now on. In addition to the three segregegment distribution(c) C segment distribution. The solid curves

gation parameters, the volume fractions of the monomegq the equilibrium distributions, while the dashed curves are dis-

species must be known. Let these be denotethhyfs, and  giputions where equal amounts AfandC segments are artificially
fc. Since incompressibility must be satisfied, we have thatenforced everywhergl7].

-----

fatfgtfc=1 @ u :@f XBcNf
nkaT v drea(r)eg(r)+ v dreg(r)ec(r)
and so only two of these three are independent. The ratios of xacN d 3
the statistical segment lengths provide two more free param- + Y, rea(fec(n), )

eters, so overall the triblock system will be fully specified by
seven independent parameters.

The application of SCFT to a triblock copolymer system —Sa
allows us to determine the possible morphologies upon vary- kg VJ drip(Ning(r.fa)+wa(Nea(m], ()
ing the seven independent parameters. We will assume
throughout this work that the statistical segment lengths for
the various species all are the same, so tata,=ag _SC:_EI drp(NINg'(r,fa+fg) +We(r)ec(r)]
=ac. This leaves us with only five parameters. Without loss kg \ P At iel TR ecth
of generality for the phenomenon we are investigating we (6)
will also limit our attention to cases whepgagN= xgcN
=50. Further, théA andC block sizes will be taken as equal (a) 4

The transition between the situations depicted in Figs. 1 ¢°-5
and 2 upon lowering acN is smooth, and constitutes a min- B 0
polyisopreneslock-poly(Ds-styren@-block-poly(vinyl me- 0 ! 2R3 4 5 6
thyl etheyp triblock terpolymers. 9

iature order-disorder transitiofODT) (see Fig. 3 between (© {°
This sub-ODT can be understood by examining the free FiG. 2. Density profiles for adBC triblock copolymer melt in

so thatf,=fc=fuc, leaving only two parameters. Let us s .
first consider lamellar morphologies. Choosifigc=0.25 o0° f\ P g
andyacN large, the equilibrium morphology is lamellar with A 0 . . Z :
1 2 3
12 3
the A andC blocks of the polymers. This prediction is similar ot "
to the experimental results of Yamaudtial. [8,9] where a ¢§~5’ ) J
energy components. SCFT formulas for the internal energy Jamellar phase witlyacN=0.1. The solid curves are the equilib-
translational entropy, and conformational entropies can b@um distributions, while the dot-dashed curves are distributions

distinctA, B, andC domains, as shown by the solid curves in (b) 42 4 5 6
Fig. 1. \

4 5 &
two-step(two-phas¢ microphase separation was observed in 0 7, - X .
found for diblock systems in Reff3]. For triblocks, they can  where A and C segments are artificially forced to be segregated
be written as [18].
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FIG. 3. Free energy of aABC triblock copolymer withf 5,
=0.25 as a function ofyscN. (a) The total free energyb)—(f)
Components of the free energy: internal energy contribution, tran
lational entropy contributionA, B, and C block conformational
entropy contributions to the free energy, respectively. The soli
curves are the equilibrium energies. Dashed curves correspond to
artificial enforcement of equah and C segment densities every-
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FIG. 5. (Color) Effect of the interfacial width on a®BC tri-
block copolymer. The black dots denote junction points and the
dashed lines give the approximate positions of the edges of the
interfaces(a) A narrow interface(b) A wide interface.

dot-dashed profile. One can see from Fig) 3hat the com-
pletely mixed state is preferred foAC segregations of
xacN=<10.2. This is only slightly less than the segregation
value (yN=10.4) where the ODT occurs for symmetric
diblocks. At xacN=0, all the curves terminate at the same
point, sinceA andC monomers are indistinguishable so that
St_here is no difference between mixed and segregated states.
In contrast to the three distinct regions seen in Fig. 1 for high

acN (the solid curveg if xacN is very small or zero, a
Ci;]mellar structure with only two distinct regions is formed,
as shown by the solid curves in Fig. 2. Par(@ls-(f) of Fig.

where[17]. The dashed-dotted curves correspond to distributions> Show the components of the free energy. From these we

whereA andC are artificially forced to be segregatfts].
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where p(r)=(V/Q)q(r,1) is the distribution of a single
point on the triblock, in this case chosen to be thesnd
point.

Thus Eq.(4) gives the translational entropy contribution
to the free energy. Likewise, Eq&) and (6) give the con-
formational entropy contributions of theandC end blocks

can see that for low segregations, the internal energy contri-
bution U of the mixed state suffers as a result of the large
numbers ofAC contacts. This is more than compensated for,
however, by the significantly lower entropic contributions.
The conformational entropy contributior®,, Sg, and S
shown in panelgd), (e), and(f), respectively, benefit because
there are more configurations available to the molecules in
the mixed state. As illustrated in Fig(a}, the segregated
state forces the molecules to bridge between Ahand C
domains.

In the mixed state shown in pan@d), the molecules may
be oriented in either th& BC or CBA directions, and may

of the polymer. The internal energy contribution is given byeither loop or bridge. The translational entropy also benefits
Eq.(3), and is a measure of the number of contacts betweeffom being in a mixed phase since the interfacial width is
dissimilar monomers. The conformational entropy contribu-jarger in the mixed state than in the segregated, as seen in

tion of the middleB block can be found by subtracting all the
other contributions from the total free energy, as shown i

Fig. 4(b) [19]. The advantage of a wide interface is illus-
Nrated in Fig. 5, where a narrow interface configuration

Eq. (7). Figure 3a) shows the free energy as a function of [panel(a)] is contrasted to a wide interfagpanel(b)]. The
AC segregation. The solid line is the equilibrium free energyiop two molecules ir(b) show that there are more positions
while the dashed curve corresponds to a situation in which
the A andC monomers are artificially forced to mix in equal
amounts everywhergl 7], as shown by the dashed profile in
Fig. 1. Similarly, the dot-dashed curve denotes a morphology
where theA andC monomers are artificial forced to be seg-
regated[18]. This morphology is depicted in Fig. 2 by the

(a)

) O

(b)
‘pTe

y/R
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FIG. 6. (Color) Density distributions for a\BC triblock melt
in a cylindrical phase withyacN=50. (a) A segment distribution.
(b) B segment distribution(c) C segment distribution.

FIG. 4. (Color) Possible configurations of ahBC triblock co-
polymer.(a) A andC are segregatedb) A andC are mixed.
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FIG. 9. (Color) Density distributions for a\BC triblock melt
in a body-centered-cubi¢bcc) spherical phase withy,cN=50
(only a single unit cell is shown(a) A segment distribution(b) B
segment distribution(c) C segment distribution. The isosurfaces
are atpp=0.5, p5=0.5, ande-=0.5, respectively.

FIG. 7. (Color) Density distributions for am\BC triblock melt
in a hexagonally packed cylindrical phase wjficN=0.6. (a) A
segment distribution(b) B segment distribution(c) C segment dis-
tribution.

block phase diagram. Figure 6 shows a system for which
fprc=0.14 andyacN=>50. A cylindrical morphology is seen
where theA and C domains are distinct. This may be con-

available in a wide interface system than in a narrow interirasted with the case whepg,cN=0.6, shown in Fig. 7,

face system. The conformational entropy of Biblock ben-  Where theA andC monomers mix. _ o
efits in the same manner. The free energy components for this cylindrical system

The bottom two molecules of Fig.(8 show that theB  are shown in Fig. 8. From.t_he components qf the free energy
block can stretch or contract more in a wide interface than ifV& ¢an see that the transition in this cylindrical morphology
a narrow one. The impact of the interfacial width accounts2ccurs atyacN=21.4, which is at a much higher segrega-
for the qualitative similarity between tH8: curves and the ton than in the lamellar case. It is therefore cleer that this
S curves. For highAC segregations, the internal energy Morphology forces the two, lengthwise symmetric, compo-
wins out over the entropies. The dashed-dotted curve in Fig?ents @ andC) to mix (to be in the disordered regimep to
3 demonstrates that the segregated state is preferred from tHg"Y high degree of segregation. _
point of view of the internal energy). The advantages of  Similarly, Figs. 9 and 10 show the higly{cN=50) and
greater entropic freedom are now overpowered. Thus we sd8W (xacN=10.5) segregation morphologies, respectively,
that the sub-ODT results from the standard competition befor fac=0.12.
tween interfacial tensiofinternal energyand stretching en- ~ Figure 11 shows the free energy components for the
ergy (entropy known as packing frustratior], even though spherical mor_pholpg|es, and we see that the transition occurs
a global lamellar phase is maintained throughout. at xac=24.0 in this case.

The sub-ODT is not only a feature of the lamellar phase.

Our calculations show that it is a general feature of the tri- IV. CONCLUSIONS

(@)

(b) ABC triblock copolymers were examined using SCFT

5.5
9.5
Eimk T / U/nkBT /\
B 9 5

with a focus on the effects of varying the end block segre-
gation, yacN. For high yacN, three distinct lamellar re-
gions, corresponding t8, B, andC monomers, were found.

8.5 45 For low xyacN, only two distinct domains were found, cor-
© 10 2 80 40 50 (g 10 20 30 40 50 responding td@ monomers, and a mix &t andC monomers.
0.95 This is anAC ODT embedded within & lamellar morphol-
. 1.1 -8 /nk, ogy. Thus we find it is possible to have a two-phase separa-
TE BO; 0.9 tion process iNABC triblock copolymers:ABC disordered
08 085 — AC disordered8 ordered— A/B/C ordered. This result is
07 ’ similar to the experimental observations of Yamauehal.
(e) 10 20 30 40 50 (f ) 10 20 30 40 50
-S ink, 2 —SC/nI?E;%

1.8
1.6
1.4

FIG. 8. Free energy of aABC triblock copolymer withf 5,
=0.14 as a function ofyacN. (8 The total free energytb)—(f)

FIG. 10. (Color) Density distributions for a\B C triblock melt

Components of the free energy: internal energy contribution, transin a bcc spherical phase wipphcN=10.5. (a) A segment distribu-

lational entropy contributionA, B, and C block conformational
entropy contributions to the free energy, respectively.

tion. (b) B segment distribution(c) C segment distribution. The
isosurfaces are ato=0.4, og=0.4, andp-= 0.4, respectively.
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@ (b) transition and thus an entropy change is observed, similar to
92 6 the cases discussed here. However, an essential aspect of
Fik,T o Urnk, T these liquid-liquid phase transition is the change in density,
8.8 5.6 which is absent in the transitions we discuss.
86 Our calculations show the sub-ODT is present not just in
(c)s% R T (5-210 20 0 40 s thelamellar phase, but also in the cylindrical and spherical
0.74 phases. We also found that the increased interfacial curvature
o %8 of the I_at';er _phases forces t_he end bIocI_<s to mix to a_degree
£ eos s i of dissimilarity above what is seen for diblocks. That is, the
07 * oe curvature of the morphology effectively makes the end
0.6 blocks much more miscible. Further, it is likely that the two-
() 10 20 30 40 50 )10 20 30 40 50 phase ordering process is a general feature oiABE tri-
074 block copolymer phase diagram, occurring for all morpholo-
sk 14 07 gies. For block copolymers with more distinct chemical
B, -8 /nkg species, such a®\BCD tetrablocks, orABCDE pent-
066 ablocks, one could expect multiphase ordering as opposed to
1 the triblock two-phase ordering.
02 XizN 40 %0 102 XSON 0 %0 In either two-phase or multiphase ordering, the self-
AC

assembly of one block could be controlled without affecting
FIG. 11. Free energy of aABC triblock copolymer withf,.  the self-assembly of the other blocks. This could be impor-
=0.12 as a function of¢acN. (@) The total free energy(b)—(f) tant in device applications if one block was assigned some
Components of the free energy: internal energy contribution, transfunctionality. Computational runs that we have not reported
lational entropy contributionA, B, and C block conformational —here show that the two-phase ordering process still occurs
entropy contributions to the free energy, respectively. when assuming some temperature mechanism for varying
xacN that also affectsyagN and xygcN. The phenomenon

[8,9]. Analysis of the free energy components shows that thi§€ems robust enough therefore for device application.

sub-QDT aris_es from the st_andard competition between in- ACKNOWLEDGMENTS
terfacial tension and stretching energy.
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