Macromolecule2006, 39, 289293 289

Block Copolymers in Electric Fields: A Comparison of Single-Mode
and Self-Consistent-Field Approximations

Yoav Tsori*
Department of Chemical Engineering, Ben Gurion U#msity, P.O. Box 653, Beer Stee 84105, Israel

David Andelman

School of Physics and Astronomy, Raymond angeBg Sackler Faculty of Exact Sciences,
Tel Aviv University, Ramat Aiv 69978, Tel Aiv, Israel

Chin-Yet Lin and M. Schick
Physics Department, Box 351560, Waisity of Washington, Seattle, Washington 98195
Receied August 2, 2005; Resed Manuscript Receged October 22, 2005

ABSTRACT: We compare two theoretical approaches to diblock copolymer melts in an external electric field.
The first is a relatively simple analytic expansion in the copolymer composition and includes the full electrostatic
contribution consistent with that expansion. It is valid close to the erdmsiorder transition point, the weak
segregation limit. The second employs self-consistent-field (SCF) theory and includes the full electrostatic
contribution to the free energy at any copolymer segregation. It is more accurate but computationally more intensive.
Motivated by recent experiments, we explore a section of the phase diagram in the three-dimensional parameter
space of the block architecture, the interaction parameter, and the external electric field. The relative stability of
the lamellar, hexagonal, and distorted body-centered-cubic (bcc) phases is compared within the two models. As
function of an increasing electric field, the distorted bcc region in the phase diagram shrinks and disappears
above a triple point, at which the lamellar, hexagonal, and distorted bcc phases coexist. We examine the deformation
of the bcec phase under the influence of the external field. While the elongation of the spheres is larger in the
one-mode expansion than that predicted by the full SCF theory, the general features of the schemes are in
satisfactory agreement. This indicates the general utility of the simple theory for exploratory calculations.

I. Introduction which can bring about a phase transition. The effect of the

Block copolymers (BCP) consist of several chemically distinct €l€ctric field on the BCP morphology has been substantially
subchains. They are interesting not only as a model system foraccounted for recently by incorporating the electrostatic
self-assembly but also for their chemical versatility and afford- Maxvv_ell equations in th_e full set Of self-con5|stent-f|el_d (SCF)
ability which have enabled their use in applications such as equations, which permits calc?ulatlon of the phase diagram at
photonic waveguides, tough plasticg?® ordered arrays of  arpitrary degrees of segregation. _
nanowires’ etc. At a given chemical architecture and temper- I this paper we compare two theoretical approaches to such
ature, there is one thermodynamically stable mesophase, with@ System: the aforementioned SCF study and a simple analytical
typical length scales comparable to the chain siz&Q—500 approximation consisting of a Glnszfganda_tu expansion of
nm). However, the material is rarely perfectly ordered, but rather the free energ§2valid only close to the orderdisorder temper-
is composed of many randomly oriented grains of sizeum. ature (ODT). Itis assumed that the poI.yme.rs under cqn&dera‘qon
This has an adverse effect on nanotechnological applications.here are |on-fre_e,_so the effect of mobile d|ssQC|ated ions, which

A useful way to achieve improved long-range order is to Can be dramatic in some systeffisi* can be ignored.
subject the BCP sample above its glass transition to an external The paper is organized as follows. In section 2 we present
electric fieldEo. Because of the coupling between the field and the free energy model which includes the electrostatic energy
the spatially varying dielectric constartr), there is a preferred ~ 0f the BCP in the field. In section 3 we calculate the way in
orientation of the grains with respect to the fiétd? It has been which an initial mesophase deforms under the influence of the
shown by Amundson et &€ that the electrostatic free energy field and also find the relative stability of the competing phases.
penalty associated with dielectric interfaces which are not A comparison is made with the results of the SCF model.
parallel to the electric field direction is the driving force for ~Section 4 contains a brief conclusion.
structures to reorient so that their interfaces are parallel to the
field (Vi(r) perpendicular t&o). While the free energy penalty - Model
can be eliminated by this reorientation of lamellae and cylinders,  Although the effect we consider here is generic to any
it cannot be eliminated in the body-centered-cubic (bcc) phase multiblock BCP melts, we will restrict the discussion in this
but only reduced by distorting the bcc spheres. Thus, the free paper to the simplest A/B diblock copolymer, where a spatial
energy of this distorted bcc phase, whose symmetry is reducedvariation of the relative A/B monomer concentration yields a
to R3m, increases with respect to the full disordered liquid (dis), spatial dependence of the dielectric constant and, hence, of the
lamellar (lam), and hexagonal (hex) pha&ea, circumstance response to an external electric field.

We also assume for simplicity that the A monomeric volume

* Corresponding author. E-mail: tsori@bgu.ac.il. is equal to the B one. Then the volume fraction of the A
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monomersf (0 < f < 1), is equal to its molar fraction. The
order parametep(r) is defined as the local deviation of the
A-monomer fractionga(r) from its average valuep(r) =
¢a(r) — f. From an incompressibility condition of the melt we
also have at each point¢g(r) = 1 — ¢a(r). In the absence of
any external electric fields, the bulk BCP free energy per
polymer chainFp, in units of kgT, can be written as a func-
tional of the order parameteg(r). One way of generating a
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thus modeling an A/B diblock copolymer in which the A block
is poly(methyl methacrylate) (PMMA) and the B block is
polystyrene (PS) at a temperature of about IZ0as has been
used in several experiments. Other constitutive relations can
be considered?

When a field is applied on a melt in the lamellar or hexagonal
phases, it exerts torque which causes sample rotation. The torque
is zero, and the energy lowest, when the lamellae or cylinders

simple analytical expansion in the order parameter relies on aare oriented parallel to the field. In such states, as well as the

Ginzburg-Landau-like free energy, which can be justified close
to the order-disorder point (ODTY¥18 and is repeated here
without further justifications:

B ) 5 NP S 2,32, 4,3, U 4 3
Fo=g/ 570"+ (V0 + '’ + g+ g
whereQ is the system volume and

2N — %) 1. 5\-12 3
TZT,QO’Vl/Rg:(éNb) ,h=§—2

b is the Kuhn lengthRy is the radius of gyratiory is the Flory
parameterN = Na + Ng is the total chain polymerization index,
Nys is the spinodal valué of yN, c is a constant of order 1,
and A and u are functions off as in refs 16-18. The phase
diagram in thefiyN) plane, as derived from the free energy, eq
1, is symmetric with respect to exchangefaind 1— f. For
small values ofy ~ 1/T, the melt is disorderedg(r) = O is
constant. FoiN larger than the ODT value ¢£10.5 and for
nearly symmetric BCP compositioh# /), the lamellar phase
is the most stable. A§ — Y/, increases, the stable phases are
doubly connected gyroid, hexagonal, and bcc phisEs®

disordered phase, the electrostatic energy, eq 3, of the system
is equal to a reference energy, given below. The bcc array of
spheres, on the other hand, always has dielectric interfaces that
are not parallel to the field, and its electrostatic energy is higher
than the reference value. Hence, the spheres elongate in the
applied field direction, to an extent which is a balance between
electrostatic and elastic forces, as calculated below.

The reference energy per polymer chain, in unitsgf, is
simply —1/,[#[Eq2, whereky is the dimensionless applied field,
the physical field expressed in natural urkigT/eovp)*?

-l =

Let us estimate the value of the actual applied field corre-
sponding toEg = 1. At 100 °C and using typical polymer
volume per chain in the rangg =~ 50—250 nn#, we find Eg =
47—107 Vlum. This is a relatively large field that can cause
dielectric breakdown in some BCP films. Therefore, the
experimentally interesting regime is usualty < 1.

The free energ¥ as formulated above is valid close to the

ODT point (weak segregation limit), where the concentration
variations are smalkp(r) < 1, and therefore the analysis can

(6)

Let us now consider a BCP slab placed in an external electric e carried out within the so-calleshe-mode approximation

field, Eo. The free energy per polymer chain, again in units of
keT, is Fiot = Fp + Fes Where the electrostatic energy

contributionFgsis given by the integral over the square of the
local electric fieldE(r) = —Vy

®)

Hereeg is the vacuum permittivityi(r) is the local dielectric
constantyy is the volume per chain, ang is the electrostatic

potential obeying the proper boundary conditions on the elec-

trodes. We note that the variationefswith respect tay yields
Ve(e(r)Vy) =0 4)

which is the usual Maxwell equatiov-D = 0 for the
displacement field = ¢x«E. We consider a simple geometry
of a BCP slab filling the gap between two parallel and flat
electrodes separated by a distad@nd potential differenc¥.

Even when a nonhomogeneous dielectric material like a BCP
fills the gap between the two electrodes, the spatially averaged

electric field in between the electrodd&sis constrained to be
Eo = V/d. The local fieldE(r) differs from its average due to
the nonuniformity of the dielectric constant, sinee= «(¢)
depends on the local concentratigfr) through a constitutive
equation. In this paper we assume for simplicity a linear
constitutive relation

k(r) = RH ¢(r)Ax,
W=, + (1 — frg

Ak =Kk, — Kg,

®)

where throughout this paper we ugg = 6.0 andkg = 2.5,

Motivated by recent experiment3!4 we concentrate on the
transition from distorted spheres to cylinders or disordered melt
in the presence of an applied electric field. Taklkgto be in

the (1,1,1) direction, we write the order parametexs a linear
superposition of six components

¢ =Wgp, + gp, (7)
where
3 3
b= ZCOSGi'r). by = ZCOSki'r) (8)
The g's andk's are wavevectors given by
%o do &)
=—-1,0,1), =—(1,-1,0), =—(0,1-1
do Ao b
k,=-—(1,0,2), k,=—(1,1,0), k;=—(0,1,1) (9
1 Jé( ) Ky ﬁ( ), Ks ﬁ( ) (9)

and all have the same magnitugie The three linearly dependent

gi are orthogonal to the (1,1,1) direction and describe a
hexagonal phase with axis along that direction. The thiee
have equal and nonzero projections on the (1,1,1) axis. The six
wavevectors transform into one another under the symmetry
operations of the bcc phase. In the absence of an external field,
each of these wavevectors would contribute equally in the order
parameter expansidfi,so thatg andw would be equal. These
wavevectors characterize the first mode in such an expansion.
Hence the name of the approximation. CDV
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The amplitudesv(Eg) andg(Ep) depend on the magnitude of For a given state o (a given BCP morphology), which is
the average external fiellp. Depending on the values of the determined by a given value of andg, the value ofs(w,g) is
two amplitudesg andw, we can represent the order parameter determined by the Maxwell equation, eq 11. This is equivalent
of all phases of interest in the form of eq W = g = 0 to obtaining it by taking the variation d¥es with respect tqs.
represents an undistorted bcc, while BBm (distorted bcc) One obtaing = «/ngAx/(DkDJr Y, wAk), so thatFesis given
phase oriented along the (1,1,1) direction is represented by twoby
nonzero amplitudesv = g. A hexagonal phase of cylinders
whose long axis is in the (1,1,1) direction hasz 0 andg = (AK)2
0. And finally, g = w = O represents the disordered melt. As Fes= 2 WAR

. ; o : WAK

was mentioned above, the spatially averaged electric field is

simply the magnitude of the external fiele. However, local It is instructive to compare this result with the perturbation

changes imp(r) give rise to local changes ifr). Consequently,  expression used by Amundson, Helfand, and co-wofers
the electric field can be written as follows:

Ax)? R

B 2 %mqﬁz (17)

2040

1 .
o'~ éﬂtho"‘ (16)

E=—Vy=E,—Voy (10) FAH —

es

wheredy is the deviation of the potential from the average.
With this representation of the field, the Maxwell equation, eq
4, becomes

a result which agrees only with the terms of order zero of the
power series expansion inA«/(2[&0) of our expression. For
the dielectric constants of interest to we\«/(2[&0) ~ 0.5w.
. 2 2 _ As the magnitude of the parameterreflects the degree of
AkV(r)-Voy(r) + Akg(r)V-oy(r) + WIV-oy(r) = segregation, as shown by eq 7, one sees that the perturbation
AEqVe(r) (11) result becomes poorer as the segregation increases.
] - ) ) The origin of the difference between eqs 16 and 17 is clearly
It is clear that a necessary condition for a solution of this geen from the Maxwell equation, eq 11. The perturbation
equation is that the behavior und(_ar any symmetry operations cpeme takes the potenti®p and the order parametgrto be
of the third term on the left-hand side must be the same as thegin|| and therefore, in lowest order, ignores the contribution
behavior of the right-hand side; i.e., the symmetryoidy(r) of the first two terms on the left-hand side compared to the
must be the same as that§: Ve(r). As the symmetry of the g, This implies that\eg/@O< 1 or, equivalently from eq
order paramgte( is known in any or_dered phasg, the symmetry5, (c — EY/@RO< 1. Thus, the assumption is essentially that
of the potential is therefore determined. In particular, vith the fractional variation in the dielectric constant due to the
in the (1,1,1) direction and with the order parameter in the o qering is small. Furthermore, these ignored terms are precisely
distorted bce phase given in the one-mode approximation by {he ones which couple the electric field created by the polariza-
eqs 7 and 8, one finds immediately thap(r) must take the  tjon charge of the system to its own order parameter. In contrast,
form we keep all terms in the Maxwell equation so that the free
BE, 3 energy contains the effects of the deformation of the order
op(r) =— Zsin(krr) (12) parameter due to the field the sample itself produqes. Anothgr
b & consequence of the use of lowest order perturbation theory is
that it yields a free energy which is symmetric under the inter-

where  is to be determined. We now insert thefield change of monomers A and B. It misses the breaking of this
expression of eq 10 into the electrostatic free energy, eq 3. Usingsymmetry due to the application of the electric field which coup-
the definitions of eqs 79 and the properties les differently to the A and B blocks. This effect is manifest

only when the free energy contains the contribution arising from
g;°(1,1,1)=0; |qi|2 = qoz; ;g = —q02/2, i=j (13) the change in the order parameter due to the field produced by
the sample itself. It would occur in higher order of perturbation

and theory.
We now employ the single-mode Ansaiz= w¢, + g2 in
k(1,1,1)= 2%/“/2 k|?= g% kek =02, i#=]j eq 1 and finally obtain for the total free energy per polymer
! : 0 R chain in units ofkgT the result
S 20, Qo o 3 1 15
ki=—(1,1,1); kq;=0; ki-qj= i? =] (14) Fiot= 21r(w2 + )+ 21/lw(sg2 +wA) + alu(g4 + 4g°W +
= 2

(AK)Z > 1 1>
29 e lune? s
s wad 2R (18)

In the next section we minimize this energy with respect to

A
we can perform the rather straightforward spatial averages of W) +

the various terms in the free energy, eq 3, and obtain

1 E02 EMN)]? 5 w andg at a given dimensionless external fidigand polymer
Fes=— §§f’<(r) = architecturef, calculate the elongation the spheres of the bcc
0 phase, and obtain the phase diagram.
= —3amE2 — SWABE? \ﬁ’ g2 _lapo lll. Results
45&@% E, SWAKﬁ B, + 2ﬂgAKEO 2II%[HEO

(15) As noted above, the functional fortn= wg; + g¢, allows
us to describe a bcc array of spheres (for whick g = 0), a
The last term is simply the reference energy which is common distorted bcc phasev(= g = 0), a hexagonal array of cylinders
to all phases. (w = 0, butg = 0), and a disordered phass € g = 0). We CDV
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Figure 1. Normalized free energy per polymer chéindefined in eq

19, of the distorted bcc phasB3m) as a function of dimensionless
field Eo. The system is characterized by= 0.3 andyN = 14.4. We
compare the one-mode calculation (solid line) as obtained from
minimization of eq 18 with a SCF calculation (dashed line). R3en

phase in the SCF calculation has a lower free energy that the solid line

(one mode) and crosses the hex energy at higher valég of about
0.49, while the one-mode approximation crosseg@at: 0.43 (both
marked with arrows). In this figure and following ones we usgd=
6 andkg = 2.5, modeling a PMMA-PS copolymer.

are able, therefore, to obtain the full phase diagram by
minimizing eq 18 with respect to the amplitudesandg.

Before presenting the phase diagram, let us consider a point

in the , Ny) plane for which the stable phase at z&rdield

has a bcc symmetry. For presentation purposes, in Figure 1 we
have subtracted from the free energy the reference electrostatic

energy,— (&[22, common to all phases, also subtracted the
total free energy of the bcc phase in zero figfg;(0), and

normalized the resulting free energy by that of the hex phase

in zero field; that is, we have plotted

Ftot(EO) + E&[EOZ/ 2- anctc(o)
Fiot (0)

(19)

In the figure we show how the free enerfjychanges withEo

for f = 0.3 andNy = 14.4. At Eo = 0 the bcc is the stable
phase, and its free energy increases with increasing figld
until it equals the free energy of the hex phase at a transition
field Eq =~ 0.43. At larger fields the stable structure is a hex
phase of cylinders oriented along the external flejdThe solid

line in Figure 1 is the result obtained from the one-mode
approximation given above, while the dashed line is obtained
from the SCF theory (as in ref 15). It has a lower free energy.
Consequently, the transition field in the SCF framework is
higher and occurs at abokt = 0.49.

Figure 2 is a plot of the amplltudew(Eo) and g(Eo),
normalized by their zero-field valug(Eq=0) = g(Eo=0). Both
amplitudes start at their common value in the undistorted bcc
phase. As the field increases,increases whilgy decreases.
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Figure 2. Amplitudesw andg normalized by their common value at
zeroE field, g(0) = w(0), as a function of dimensionless external field
Eo. Solid line: one-mode approximation. The amplitudes have a
discontinuous jump & = 0.43, where the structure contains cylinders
oriented along the fieldg{= 0). Dashed lines: the same, but taken
from a multimode SCF calculation (ref 15) with a jump at higker
values ofE, =~ 0.49. All parameters as in Figure 1.
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0.5
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Figure 3. Phase diagram in the/f, Ey/E) rescaled plane for a fixed
value of BCP asymmetryf,= 0.3. The distorted bcdR3m) region is
confined between two transition lines which terminate at a triple point
(xvEr). The other two phases are the disordered one (dis) and the
hexagonal one (hex). The solid lines are the prediction of the one-
mode approximation, with axes scaled by the appropyiate 14.3N

and E; = 0.49. Dashed lines are the SCF calculation scaled by the
appropriate SCF values gf = 14.11N andE; = 0.668.

The above calculation can be repeated for dni) andE
field values and allows the construction of the full three-
dimensional phase diagram in tHe Ny, Eo) parameter space.
In Figure 3 we present a cut of the phase diagram at fixed
0.3. The region of a stablR3m phase (distorted bcc) is bound
by two lines of phase transitions: one between this phase and
the disordered phase and the other between it and the hex phase.
These two lines meet at the triple poigt, ). In Figure 3, the
different triple point values obtained from the two calculations

The spheres elongate in the direction of the field as a result of are used to rescale both axegy; and Eo/E;. At fields larger

competition between electrostatic and elastic forces. At the

thanE;, theR3mi is not stable at any value gf The solid lines

transition field, there is a sharp, discontinuous transition in the in the figure are the one-mode prediction, while the dashed lines
order parameter. Above this field, attains a fixed value while  are obtained with the SCF calculation. The valueE@fre 0.49

g drops abruptly to zero. In this state the BCP morphology is and 0.67 for the two theories, respectively. Were this phase
that of cylinders oriented parallel to the external field. The diagram to be measured in a polymorphic system composed of
dashed lines correspond to the values obtained from the SCHgrains of various orientations, the first-order transitions would
theory. Clearly, in the one-mode approximation, the spheres’ not take place at a single temperature for a given field, but those
deformation and eccentricity are larger than in the SCF theory. in grains of different orientations would occur at differeélbv
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temperatures, causing a blurring of the phase boundaries. Inconstants of the constituents are interchanged, a prediction in

addition, because of long characteristic times associated withagreement with the more accurate the®ry.

reorientation of grains, what is seen at the transition would  Given its ability to capture all of the above effects and given

depend on the observation time and sample history. its extreme simplicity, such a theory could serve for useful
For an additional comparison between the theories, we haveexploratory studies in other problems concerning the effect of

examined the case in which, at a fixed valuefef 0.3, the electric fields on block copolymers.

dielectric constants of the majority and minority components

are interchanged (i.ecp = 6.0<> kg = 2.5, henceAx — —Ax). Acknowledgment. We have benefited from discussions with
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