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ABSTRACT: Electric fields have been shown to stabilize the disordered
phase of near-critical block copolymer solutions. Here, we use in situ
synchrotron small-angle X-ray scattering to examine how the initial
orientation of lamellar domains with respect to the external field (¢)
affects the shift in the order—disorder transition temperature (Tgpy) of
lyotropic solutions of poly(styrene-b-isoprene) in toluene. We find a
downward shift of the transition temperature, which scales with lamellar

orientation as ATgpy ~ cos’ ¢, in accordance with theory.

lock copolymers comprise two or more chemically distinct

homopolymers covalently linked to each other. These
materials have attracted considerable interest due to their ability
to readily self-organize into a wide variety of thermotropic and
lyotropic mesophases, which paves a powerful path toward the
bottom-up fabrication of complex self-assembled geometries on
mesoscopic length scales."

To benefit from copolymer-based nanofabrication techni-
ques, numerous methods are widely investigated to afford the
deterministic control of block mesophases in bulk and in
confined geometries, which are in particular targeted to provide
high degrees of translational and orientational order. Examples
include temperature and solvent gradients, shear forces, and
epitaxial patterning.” External electric fields are equally
appealing to direct the self-assembly of copolymer mesophases.
Promising instances of electric field-induced pattern formation,
both in thin films and in bulk, have been reported.3 Domain
alignment,4_6 structural transitions,” > and thermodynamic
properties'®'! have been studied both experimentally and
theoretically and contributed to a profound understanding of
the effects of electric fields on block copolymer mesophases.>*
Manifold predictions were made regarding the influence of
electric fields on the order—disorder transition (ODT) of
binary mixtures. Whereas classical thermodynamics predicts
phase separation in the presence of an uniform electric
field,""'* experiments usually unveil the opposite effect, that
is, field-induced mixing."> Seminal experiments by Debye and
Kleboth, who studied the phase behavior of a binary mixture of
two solvents, found a decrease of the upper critical solution
temperature (UCST) in the presence of a uniform field."*
Similar results were obtained by Wirtz and Fuller who
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conducted first experiments involving macromolecules, show-
ing that electric fields lower the UCST of a mixture of
polystyrene in cyclohexane by 40 mK."> In contrast, the lower
critical solution temperature (LCST) of a mixture of poly(p-
chlorostyrene) in ethylcarbitol was increased by 30 mK under
equal experimental conditions, indicating that an electric field
indeed favors the disordered phase."® In addition, Osuji et al.
and Segalman et al. studied the influence of magnetic fields on
order—disorder transitions."®'” Recently, we investigated the
influence of electric fields on concentrated poly(styrene-b-
isoprene) solutions in toluene, which revealed a suppression of
ODT, i.e., a downward shift of the order—disorder transition
temperature (Topr) by 2 K for an electric field of 8.5 kV/mm.
This electric field-induced disordering, i.e., the downward shift
in Topr, is expected to scale with the square of the electric field
intensity, ATopr(E) ~ E? and is believed to naturally depend
on the initial domain orientation as interfaces oriented
perpendicular to the field direction are rendered thermody-
namically unstable.'® Experimental support, however, is yet
pending, which encouraged the present study of the effect of
initial domain orientation on the order—disorder transition
temperature of a lyotropic block copolymer solution.'*'*"?

The effect of initial lamellar alignment and polymer
concentration on the order—disorder transition temperature,
Topr was investigated by means of in situ synchrotron small-
angle X-ray scattering (SAXS). We employed a home-built,
temperature-controlled capacitor, which can accommodate

Received: January 8, 2013
Accepted: April 29, 2013
Published: May 14, 2013

dx.doi.org/10.1021/mz400013u | ACS Macro Lett. 2013, 2, 469—473


pubs.acs.org/macroletters

ACS Macro Letters

square glass capillaries between its electrodes. We used
concentrated solutions of a near-symmetrical poly(styrene-b-
isoprene) diblock in toluene (30.5—35 wt. %). At a total
molecular weight of 108 kg/mol, the volume fractions of
polystyrene and polyisoprene amounted to 46 and 54 vol. %,
respectively (Syls,'"). Self-assembly above the order—disorder
concentration, ¢,q, forms a lyotropic lamellar phase. Conduct-
ing the experiments in solution readily allowed us to
circumvent experimental limitations pertinent to high melt
viscosities and sample temperatures close to the polymer's
decomposition temperature in the solvent-free melt. Heating
and cooling cycles at various electric field intensities provided a
well-suited method to monitor the effect of an electric field on
the phase transition in situ. Prior to each cycle the sample was
equilibrated at about 10 K above Tp and cooled below Topr
in the presence of an electric field of 3 kV/mm and at a rate of
—1.25 K/min, resulting in a lamellar morphology with
interfaces oriented predominantly parallel to the applied field.
Subsequent heating and cooling cycles were conducted to
determine the order—disorder transition temperature as a
function of the applied field intensity.

SAXS patterns of S,l,'® copolymer lamellae exhibit
characteristic Bragg diffraction at gqy/q100 = 1:2:3. Here, g
denotes the magnitude of the wave vector of the scattered
radiation. For lamellae with interfaces parallel to the applied
field the scattered intensity accumulates at azimuthal angle ¢ =
90° (Figure la: far left), where ¢ denotes the angle between the
lamellar normal, n, and the electric field, E.
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Figure 1. (a) SAXS patterns from a 32.5 wt. % solution of S,l,'% in
toluene during heating at 1.25 K/min and an electric field of 4.0 kV/
mm. The arrow indicates the direction of the applied field. The five
analyzed, wedge-shaped sectors with opening angle of Ap = 5° are
shown for azimuthal angles ranging from ¢ = (0 £ 2.5)° to ¢ = (90 +
2.5)°. (b) The order—disorder scales linearly with polymer
concentration. (c) Double-logarithmic plot of the shift in Topr vs E
for solutions of S,4I,'% in toluene: 30.5 wt. % (bullets) and 32.5 wt. %
(squares).

Upon heating poly(styrene-b-isoprene) above Topr, its
lamellar microstructure disintegrates, and long-range order
fades. This is connected to a significant change in the line shape
of the first-order Bragg peak. Lamellar microdomains exhibit
multiple, sharp, and well-defined Bragg peaks at defined ratios
(Figure la: far left). In contrast, peak properties in the
disordered state are governed by a suppression of the forward
scattering contribution, owing to the linkage between chemi-
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cally distinct diblock components; i.e., a correlation hole exists
at small scattering angles. Consequently, the maximum peak
intensity, I,.(q), is of a substantially lower magnitude,
exhibiting a considerably increased peak width, i.e. full-width
at half-maximum (fwhm), and a Lorentzian line shape®® for
temperatures above Topr (Figure la: far right).”' For
experiments presented here, the discontinuities of both fwhm
and I, (q) together with a close observation of the first-order
Bragg peak’s line shape were used to determine Tqpr.

Figure 2a illustrates the temperature evolution of the Bragg
peak characteristics for the 2D scattering patterns depicted in
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Figure 2. (a) Time evolution of the first-order Bragg peak for
individual @-sectors for a 32.5 wt. % solution of Sl,'® at 7.0 kV/
mm. (b) Determination of Topy from the discontinuity of the first-
order Bragg peak’s fwhm. Black curves in (a) correspond to the full
symbols in (b), which mark the transition point, further indicated by
dark gray lines. Please note that for clarity reasons data for ¢ = 67.5°
(squares) were shifted downward by 3 X 107 nm™".

Figure la. Artifacts from domain reorientation can be excluded
by evaluating the peak width, which relates to the
thermodynamic stability of the microphase.

Figure 1b displays the transition temperatures for various
concentrations in the absence of an external field. A linear
relation between Topr and polymer concentration is obtained
in accordance with the dilution approximation.”* >* Extrap-
olation to room temperature yields the order—disorder
concentration, c,g. = 28.5 wt. %, in excellent agreement with
an independent determination under ambient conditions (cq4.
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=28.3 wt. %). The shift of the transition temperature, ATgpy =
Topr(E = 0) — Topr(E), as a function of applied field strength
is demonstrated in Figure lc. Topy generally decreases by
approximately 1.0 K for E < 4 kV/mm, while a suppression by
1.5 K is obtained for higher fields. Power-law analysis indicates
an apparent scaling, as ATopr(E) ~ E* with the exponent a =
0.65 + 0.09 for the 32.5 wt. % solution from Figure la. This
exponent was confirmed for an additional 30.5 wt. % solution, a
= 0.61 = 0.05.

This stands in marked contrast to basic electrostatic
considerations pertaining to the Gibbs energy of a multi-
component mixture in the presence of an applied field, which
predicts a quadratic scaling with E.**~>" Onuki predicts a
weaker field dependence in the limit of strong fields scaling as,
ATopr ~ E“? which may well be pertinent to our
experiments, considering that fields applied in this study were
at least an order of ma§nitude stronger than the crossover field
considered by Onuki."” Further deviation from the ~E? scaling
may arise from a nonlinear behavior of the dielectric
permittivity as evident for dielectric mixtures in close vicinity
to ODT.>**® Yet, both effects are deemed insufficient to
reasonably account for observed scaling, and we can thus only
speculate on its cause. This may include layers of lamellae being
absorbed on the glass surface of the capillaries used to
accommodate the polymer solutions.”” Considering an
absorption layer, for which the thickness depends on the
applied field, its polarization (which scales linearly with E)
would imply a field-dependent screening of the external field.
Polarization effects and generally weaker field dependence as
predicted in the limit of strong fields may thus indeed account
for apparent scaling.

In the remainder of this article, we focus on the effect of
initial lamellar alignment on Topr. Although we present only
data for a 32.5 wt. % solution of S,Ig,'® in toluene, all
investigated concentrations show similar trends (refer to
Supporting Information). Figure 2a depicts the temperature
evolution of the first-order Bragg peak for four of the five
wedge-shaped sectors of Ag = 5° opening angle (cf. Figure 1a,
far left image). Sector orientation corresponds to the
orientation of the lamellar normal with respect to the electric
field vector, E. Upon disordering, intensity bleeds into a
correlation hole, and the intensities of all sectors decrease.
Figure 2b shows the accompanied discontinuity of the first-
order Bragg peak’s fwhm, which was used to determine
transition temperatures. Representative field-dependent tran-
sition temperatures for various sector orientations are plotted in
Figure 3a. Topr is generally lowered with increasing field
strength and depends considerably on lamellar orientation.
Lamellae with interfaces oriented parallel to the applied field (¢
= 90°) exhibit the weakest response as compared to lamellae
with perpendicular orientation (¢ = 0°). The orientation-
dependent shift in Toppr amounts to about 0.5 and S K for
lamellae oriented parallel and perpendicular to a field of 8 kV/
mm, i.e., lamellae oriented perpendicular to E disorder at lower
temperatures than lamellae with parallel orientation.

Solutions were studied for various polymer concentrations
above the order-disorder concentration. Data is provided as
Supporting Information and shows how the influence of the
electric field on Topr becomes more significant with increasing
concentration. The overall transition temperature (averaged
over all azimuthal orientations) coincides with the disordering
of the most stable lamellar orientation with interfaces parallel to
E, T'ypr. Amundson et al. derived a Landau free energy
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Figure 3. (a) Determination of the influence of the electric field on
Topr for individual ¢-sectors for a 32.5 wt. % solution of S,l,'% in
toluene. (b) Orientation-dependent shift of ATqpy vs electric field
strength, E, with normalization according to ATop(@) = ATEp()/
cos? .

functional for modulated block copolymer phases in the weak-
segregation limit in proximity to ODT, which implies an energy
penalty for ill-aligned lamellae (¢ # 90°). Accordingly, lamellar
interfaces perpendicular to the external field will be the first to
be destabilized. The cause is founded in the polarization of
interfaces between chemically distinct domains, which differ in
dielectric permittivity. This adds an additional electric energy
contribution due to the excess dielectric displacement at the
interfaces of ill-aligned lamellae. Consequently, the interaction
parameter at the transition is shifted by N = y,N + k;-N™"/3 +
kyHeeo with numerical constants k; and k,, the number of
repeating units, N, and the electric field energy density, Neteed

As mentioned above, we initially rescaled our data to account
for electric field-induced shifts in Topy according to ATgpy =
Topr(E = 0) — Topr(E). The electric field energy density, 7o
scales with the square cosine of the angle between lamellae
normal, n, and electric field vector, E, as . ~ cos> ¢-E. The
difference in yN, ie., the difference of Topr(E) between
domains oriented at angles ¢, and ¢,, can be determined byé

AN = yN(g) — xN(@,) = [cos’ () = cos’(¢,)]E*

(1)
For the thermodynamically most stable, parallel lamellae (¢, =
90°) the first term of this expression vanishes. To compare the
stability of further orientations, rescaling of all sector data
according to ATSpr = ATgpr(@) — ATepr(@ = 90°) was
performed. The energetic penalty increases with cos® ¢, and
hence subsequent normalization of AT%pr(¢) by cos® ¢ as
ATopr(@) = ATSp(@)/cos® @ should create an orientation-
independent master curve. In coherence with Amundson’s
predictions, Figure 2 demonstrates how all sector data indeed
coincide irrespective of domain orientation within experimental
errors. Deviations apparent for small angles can be attributed to
uncertainties in determining ATopr(¢) for the smallest tilting
angles.
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To conclude, we studied the influence of the initial lamellar
orientation on the electric field-induced order—disorder
transition for concentrated solutions of poly(styrene,s-b-
isoprenes,)'® in toluene. The order-disorder transition temper-
ature is generally lowered in the presence of an applied field.
The shift of the transition temperature ATopp(E) with
increasing field strength depends strongly on polymer
concentration and initial lamellar orientation, ie., lamellae
oriented perpendicular to the field disorder at considerably
lower temperatures as parallel oriented ones. The orientation-
dependent shift ATopp(E, @) increases with ¢, and data
suggest ATopr(E, ) ~ cos® ¢ within experimental errors—in
accordance with theory.

B MATERIALS AND METHODS

Lamellae forming poly(styrene-b-isoprene) diblock copolymer
(S46ls4™™) was synthesized via sequential living anionic polymer-
ization.>® S,¢I;,'® consists of 46 wt. % polystyrene and 54 wt. %
polyisoprene as determined by NMR. Molecular weight (M, = 108 kg/
mol) and polydispersity (M,/M, = 1.05) were determined by GPC.
The polymer was dissolved in toluene with concentrations ranging
from 30.5 to 35.0 wt. %. Temperature-controlled experiments were
performed in a home-built cubic capacitor designed to accommodate
flame-sealed square 2 X 2 mm? glass capillaries between its gold
electrodes. The entire capacitor was immersed in insulating oil, which
afforded precise control over sample temperature with accuracy greater
than +0.05 K. A dc voltage of up to 16 kV was applied, resulting in a
homogeneous external electric field of up to 8 kV/mm. Synchrotron
SAXS was conducted at the ID02 beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). The beam
size at sample position was 150 X 300 um (vertical X horizontal) at a
photon energy of 12 keV. SAXS patterns were recorded with a Kodak
FreLoN CCD detector at a sample—detector distance of S m. Prior to
data analysis, data were corrected for detector efficiency and geometry
and normalized to transmitted intensity. Next we determined the
transition temperature (Topr). As the volume of the capillaries is small
compared to the volume of the surrounding oil bath, the bath
temperature was taken as the sample temperature. A constant heating
rate of 1.25 K/min was applied to heat the sample above Topr. This
heating rate is sufficiently slow not to compromise individual transition
temperatures and forms a compromise between reproducible values
and short experimental duration required due to limited beamtime.
The sample was allowed to equilibrate in the disordered state for
several minutes, before it was cooled below Tp at the same rate. At a
constant temperature in the ordered (lamellar) state an electric field of
3 kV/mm was applied to orient the lamellae parallel to the applied
field and ensure equal starting conditions prior to individual successive
temperature cycles.®' Subsequently, the transition temperature was
determined in the presence of an electric field of various strength upon
heating the sample into the disordered state by evaluating the
discontinuity of the first-order Bragg peak’s full width at half-maximum
(fwhm) and peak shape. The field was applied in a random sequence

in an attempt to avoid systematic errors.
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Additional data for different concentrations of materials. This
material is available free of charge via the Internet at http://
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