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O
rganic electronic materials have
enabled a wide range of new tech-
nologies since they were discov-

ered to conduct charge.1�4 Prime examples
include the development of electronic pa-
per, commercially available organic light
emitting diode displays, and plastic solar
cells, among other devices.5�7 To date, the
most widely studied organic electronic
materials fall within two categories, small
molecules and linear backbone conjugated
polymers.8�10 Small molecules generally
exhibit higher mobilities than their macro-
molecular counterparts, in part due to their
crystallinity. Conjugated polymers are gen-
erally attractive for their solution processa-
bility as opposed to the vapor processes
typically employed for small molecules. Re-
cently, high mobilities have been reported
in several semiconducting polymers.11�14

However, grain boundaries between crys-
talline domains, as well as amorphous�
crystalline interfaces, dwarf performance by
providing charge-trapping sites.15 Addition-
ally, it is imperative to control the alignment

of the crystalline domains in the direction of
the crystallographic axis that leads to the
highest charge carrier mobility in a device.
Current processing methods do not permit
such control of orientation in a simple man-
ner, and organic materials generally yield
system-specific results.16 The development
of aneffective generalized strategy to control
ordering and alignment of organic semicon-
ductors over large areas is thus necessary.
The use of liquid crystalline (LC) organiza-

tion of semiconductingmoieties is promising,
given the general susceptibility of LC meso-
phases to orientational control by external
stimuli. Several small-molecule systems have
demonstrated attractive electronic proper-
ties,17,18 but suffer from relatively fast relaxa-
tion dynamics of the mesogens, which can
disrupt the transport properties. Further,
the ordered mesophases can be sensitive to
fluctuations in the environment, for example,
temperature and external fields. Polymer LCs
exhibit slower dynamics in comparison to
small-molecule LCs. In an elegant approach,
semiconducting LC polymers, including block
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ABSTRACT Achieving highly ordered and aligned assemblies of

organic semiconductors is a persistent challenge for improving the

performance of organic electronics. This is an acute problem in

macromolecular systems where slow kinetics and long-range disorder

prevail, thus making the fabrication of high-performance large-area

semiconducting polymer films a nontrivial venture. Here, we

demonstrate that the anisotropic nature of semiconducting chromophores can be effectively leveraged to yield hierarchically ordered materials that can be

readily macroscopically aligned. An n-type mesogen was synthesized based on a perylene diimide (PDI) rigid core coupled to an imidazole headgroup via an

alkyl spacer. Supramolecular assembly between the imidazole and acrylic acid units on a poly(styrene-b-acrylic acid) block copolymer yielded self-assembled

hexagonally ordered polystyrene cylinders within a smectic A mesophase of the PDI mesogen and poly(acrylic acid). We show that magnetic fields can be used

to control the alignment of the PDI species and the block copolymer superstructure concurrently in a facile manner during cooling from a high-temperature

disordered state. The resulting materials are monoliths, with a single well-defined orientation of the semiconducting chromophore and block copolymer

microdomains throughout the sample. This synergistic introduction of both functional properties and the means of controlling alignment by supramolecular

attachment of mesogenic species to polymer backbones offer new possibilities for the modular design of functional nanostructured materials.

KEYWORDS: n-type semiconductors . magnetic-field alignment . organic monoliths . block copolymer self-assembly

A
RTIC

LE



TRAN ET AL . VOL. 7 ’ NO. 6 ’ 5514–5521 ’ 2013

www.acsnano.org

5515

copolymers (BCPs), have been realized by side-chain
attachment of semiconducting mesogens to the poly-
mer backbone.19�22 A particularly compelling aspect
is the ability to combine BCP self-assembly with the
selective attachment of p- and n-type semiconducting
mesogens on the polymer backbone. Self-organization
of the mesogens within the BCP superstructure pro-
duces a hierarchically ordered system in which the
semiconducting moieties are effectively sequestered
in nanometer-scale domains. While the confinement of
the mesogens by the BCP domains tends to improve
mesophase order and restrict unwanted reorganiza-
tion, the presence of grain boundaries in the BCP
structure and the tortuosity of BCP domains present
obstacles to realizing the so needed macroscopically
ordered and aligned channels of semiconducting
materials.23 We are therefore faced with the challenge
to control the alignment of the BCP by manipulating
the alignment of the semiconducting specieswithin the
BCP domains.
Here, stimuli-responsive materials were designed to

explore a facile, nondestructive, large-scale technique
using a magnetic field to align semiconducting side-
chain BCPs at the nanoscale (Figure 1). The supramo-
lecular system comprises a polystyrene-b-poly(acrylic
acid) (PS-b-PAA) backbone to which an imidazole-
functional perylene diimide (PDI) mesogen is attached
by hydrogen bondingwith the PAAblock. PDI serves as
an attractive, model n-type semiconductor since it can
be asymmetrically functionalized and it is a flat, rigid
molecule.24,25 The dynamic nature of the hydrogen
bond combined with the presence of an alkyl spacer
serves to sufficiently decouple the mesogen from
the polymer backbone,26 enabling the formation of a
smectic mesophase within the system. The molecular
mass and composition of the BCPs were varied in order
to study the effects on the morphology upon cooling
from a high-temperature disordered state under an
applied magnetic field. This results in the formation
of organic monoliths within which the long axis of
the semiconducting mesogens and BCP domains are
aligned parallel to the field direction throughout the
material (Figure 1). This method is particularly attrac-
tive due to its scalability. Further, the supramolecular
grafting strategy provides modularity, as it allows
for the facile utilization of different semiconducting
mesogens and the variation of their stoichiometry to

successfully obtain field-responsive liquid crystalline
semiconducting BCPs.

RESULTS AND DISCUSSION

To probe the supramolecular interaction between
the PS-b-PAA BCP and PDI mesogens, we investigated
the association of the PDI mesogens in solution by
proton nuclear magnetic resonance spectroscopy
(1H NMR, Figure 2) and in the solid-state by Fourier
transform infrared spectroscopy (FTIR; see Supporting
Information [SI] Figure S1). The 1H NMR spectra of neat
PS(5.2k)-b-PAA(4k), PDI mesogens, and their mixtures
PS(5.2k)-b-[PAA(4k)-sg-PDI] (where sg = supramolecu-
lar graft, and the values in parentheses are the molec-
ular mass of the blocks) at various molar ratios R in
deuterated chloroform (CDCl3) are shown in Figure 2
(R = moles of PDI relative to the AA units). Peak
broadening of the aromatic perylene hydrogens is
exhibited at all R values, evident of PDI mesogen
association to the polymer backbone. Upon hydrogen
bonding, the proton signal from the 2-position of
the imidazole ring clearly shifts downfield, from ca.

7.45 ppm to 7.75 ppm, at R = 0.25. The peak moves
upfield with increasing R of the PDI mesogen, and a
characteristic broadening of the mesogenic proton
peaks is observed, consistent with the incorpora-
tion of the PDI into the polymer and slowing of the

Figure 1. Illustration of the use of PS-b-PAA as a template tomagnetically induce the alignment of the perylene diimide (PDI)
mesogens upon thermal annealing. “B” is the magnetic field, and supramolecular graft is abbreviated as “sg”.

Figure 2. 1H NMR spectra (field range omits the aliphatic
region) of (a) PDImesogenonly, (b) PS(5.2k)-b-PAA(4k) only,
and PS(5.2k)-b-[PAA(4k)-sg-PDI] at R = (c) 0.25, (d) 0.5, (e)
0.75, and (f) 1.0 in CDCl3. The aromatic proton that shifts
upon hydrogen bonding is labeled with a diamond symbol
in the spectra and the chemical structure. The tertiary
hydrogen does not shift upon hydrogen bonding.
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rotational dynamics of the species. We speculate that
there is more free mesogen at larger R values, as
indicated by the peak sharpening for R > 0.75, which
may be driven by steric crowding and chain stretching
along the PAA backbone at such high loading.
The corresponding 1H NMR spectra in deuterated
tetrahydrofuran (THF-d8) displayed similar trends (SI,
Figure S2). To corroborate hydrogen bonding in the
solid state, the characteristic carbonyl absorption
bands in the 1750�1680 cm�1 region were monitored
by IR (SI, Figure S1) as a function of R in the solid state.
We observe a steady shift of the carbonyl band with
increasing R, which is indicative of hydrogen bonding
between the imidazole and acrylic acid units, as pre-
viously reported.27

The NMR data indicate that working with incorpora-
tion of one PDI mesogen to two or three AA repeat
units (R = 0.50 or 0.33, respectively) would not lead to a
highly crowded backbone. Differential scanning calo-
rimetry (DSC) traces of bulk samples prepared from
neat andmixed solutions of PS(5.2k)-b-PAA(4k) and PDI
mesogens showed clear evidence of the formation of a
supramolecular complex, as revealed by the distinct
thermal transitions of the mixed materials relative to
their pure states (SI, Figure S3). For R = 0.33 and 0.5,
endothermic peaks at 190 and 210 �C correspond to
the liquid crystal clearing temperature, Tiso. Drop-cast
bulk samples exhibit BCP microphase segregation
and the formation of randomly oriented domains, as
evidenced from small-angle X-ray scattering (SAXS,
Figure S4). The system shows two scattering maxima,
at q = 0.056 Å�1 and q = 0.113 Å�1, corresponding to
d-spacing values (d = 2π/q) of 11.2 and 5.5 nm. The
reflection at q = 0.113 Å�1 is due to the LC mesophase
formed by the PDI mesogen, whereas the peak at
smaller q (0.056 Å�1) originates from the BCP micro-
phase segregated structure. The mass fraction of PS in
the sample is roughly 0.18, which suggests that the
system should form hexagonally packed PS cylinders,
assuming roughly similar mass densities of the PS
and PAA-sg-PDI matrix. The absence of higher order
peaks of the primary scattering, however, did not
permit unambiguous assignment of the microstruc-
ture. By comparison, neat PS(5.2k)-b-PAA(4k) forms
a well-ordered lamellar morphology with a d-spacing
of 18.2 nm (SI, Figure S4). The lamellar morphology is
expected because the volume fraction of PS in this
strongly segregated system is 57%. The decrease of the
d-spacing upon addition of PDI mesogens, despite the
increase in the mass of the system, suggests that the
PDI mesogens significantly decrease the interaction
parameter between the PS and PAAbackbones. Similar
effects have been observed for biphenyl mesogens in
PS-b-PAA.28

To test the hypothesis highlighted in Figure 1, a
sample containing PS(5.2k)-b-[PAA(4k)-sg-PDI] at
R = 0.50 was heated to 215 �C, which is above the

highest clearing temperature found fromDSC. The sample
was equilibrated at this temperature for 5min and then
cooled to 25 �C in the presence of the magnetic field
(6 T) at 1 �C/min. The sample was microtomed and
stained to obtain cross-sectional transmission electron
microscopy (TEM) images of the magnetically an-
nealed bulk material. Figure 3 shows the morphology
of the nanostructured monolith, composed of hexa-
gonally packed PS cylinders (bright regions) aligned in
the direction of the field and embedded in a PAA-
sg-PDI matrix. The 6-fold symmetry of the Fourier trans-
form (FFT), along the field direction, is consistent with a
hexagonally packed cylindrical microphase separated
structure, in agreement with the estimated volume
fraction of the system (inset, Figure 3a and SI, Table S1).

Figure 3. Cross-sectional TEM images of PS(5.2k)-b-[PAA-
(4k)-sg-PDI] at R = 0.5. Hexagonally packed PS cylinders
(bright regions) surrounded by PAA and PDI matrix are
imaged (a) orthogonal to and (b) along themagnetic field of
direction with corresponding Fourier transforms over the
entire micrograph (insets). The Fourier transforms indicate
6- or 2-fold symmetry in themorphology, depending on the
field direction. The reflection orthogonal to the BCP struc-
ture arises from the smectic layers.
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In the direction orthogonal to the magnetic field, the
TEM image shows PS cylinders parallel to the applied
magnetic field and the expected 2-fold symmetry for
this projection from the FFT (Figure 3b). Notably, the
matrix surrounding the PS cylinders shows alignment
of the smectic layers of PDI perpendicular to the field
direction; that is, the director of the mesophase is
parallel to the field, as are the long axes of the PDI
mesogens. The TEM data unequivocally demonstrate
that the schematic of Figure 1 is descriptive of the
organization of the system for R = 0.50 as well as
R = 0.33 (SI, Figure S5).
In order to extract detailed structural information

about the evolution of the observed morphology,
temperature-resolved scattering was used to examine
the proximity of TODT and Tiso, in the absence and
presence of the field (Figure 4 and SI, Figure S6).

At 25 �C, two prominent peaks are present, originating
from the periodic arrangement of BCP microdomains
(qBCP = 0.056 Å�1; dBCP = 11.2 nm) and PDI mesogens
(qLC = 0.113 Å�1; dLC = 5.5 nm). The distance between
cylinders is dCYL = (4/3)1/2 and dBCP = 12.9 nm. The
intensities of both peaks diminish simultaneously with
increasing temperature until there is only a broad
hump centered near q = 0.10 Å�1 at temperatures
above ca. 200 �C. The absence of both peaks above this
temperature indicates that the LC mesophase is above
its clearing temperature, Tiso, and that the BCP is also
above its TODT. The overlap between these two transi-
tions is clear from the 1/I(1/T) plot (Figure 4b), indicat-
ing that this system is weakly segregated, independent
of the presence of the field. A sigmoidal fit of the data
yielded TODT ≈ Tiso ≈ 200 �C. The small discrepancy
between Tiso derived from scattering and that from
DSC is likely due only to a built-in offset between the
DSC and the custom-built SAXS heating stage. Upon
cooling to 25 �C, both peaks re-emerge with marginal
undercooling below 200 �C as the systemorders on the
BCP and LC length scales. While the magnetic field
does not influence the location of phase transitions
in any measurable manner, the influence on the mor-
phology is striking, as shown in the temperature-
resolved 2D SAXS data measured during heating and
cooling under a 6 T field (Figure 4c). The data show
strong anisotropy for both the BCP and LC scattering
on cooling from 200 �C. The periodicity of the BCP
domains is orthogonal to the field, while the 5.5 nm
periodicity of the LC mesophase is parallel to the field.
This is consistent with alignment of the cylindrical
microdomains along the field direction, with smectic
layers of the PDI mesogen also aligned normal to the
field. This suggests that the mesogens display positive
magnetic anisotropy, resulting in alignment parallel to
the interface between the two blocks, i.e., exhibiting
a planar or homogeneous anchoring condition, and
assembled as a smectic A mesophase.
The high degree of alignment achieved here is

remarkable and likely due in part to the small separa-
tion of Tiso and TODT. Prior work has established that
field alignment of LC BCPs is most effective when the
isotropic transition of the LC, Tiso, is in close proximity to
the order�disorder transition of the block copolymer,
TODT,

29 as common in weakly segregated systems.30

Under these circumstances, cooling the sample from
the high-temperature disordered state in the presence
of thefield results in amaximal couplingof thehigh, but
rapidly decreasing, mobility and the small, but rapidly
increasing, magnetic anisotropy of both incipient
ordered states.31 This is in contrast to a scenario where
TODT > Tiso, in which case the alignment can be poor
since it occurs as the LC mesophase develops within
a pre-existing low-mobility ordered state of the BCP.
We examined mesogen ordering within the smectic

layers using wide-angle X-ray scattering (WAXS), which

Figure 4. (a) Temperature-resolved SAXS data of PS(5.2k)-
b-[PAA(4k)-sg-PDI] with R = 0.5 with the presence of a
magnetic field. 1D integrated data show two prominent
intensities at q = 0.056 Å�1 (d = 11.2 nm) and q = 0.113 Å�1

(d = 5.5 nm). (b) Normalized inverse peak intensities of
microdomains and smectic scattering, represented as a
function of inverse temperature to indicate overlap of TODT
and clearing transition Tiso. (c) Characteristic diffraction
rings from the disorganized PS cylinders and PDI smectic
layers diminish when heated above the order�disorder
transition temperature, TODT. Upon cooling in the presence
of a magnetic field though TODT, anisotropic rings reflecting
the orientation of aligned morphologies reappear, as
shown in the 2D SAXS patterns.
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yielded information on π�π stacking distances and
alignment of the mesogens relative to the magnetic
field (Figure 5a). Aπ�π stacking distance of dπ = 3.45 Å
(qπ = 1.82 Å�1) and lateral periodicity between meso-
gens (along their edges) of d1 = 10 Å (q1 = 0.63 Å�1)
were obtained (Figure 5b and e). The strict orthogon-
ality between the SAXS reflection with a d-spacing
of 5.5 nm (visible near the center of the WAXS data,
Figure 5b and e, and in SAXS, Figure 5c and f) and both
the π�π stacking and lateral periodicity indicate un-
ambiguously that the PDI mesogens form a smectic A
mesophase. A 4-fold symmetric peak at qalkyl = 1.43 Å�1

(dalkyl = 4.4 Å) is attributed to tilted packing of the
gemini hexyl tails of the mesogen. The concentration
of the scattering originating from π�π stacking and
lateral periodicity of the PDI mesogens along the
equatorial direction indicates that the long axis of
the PDI mesogens is aligned parallel to the field. This
implies that these species possess a positive magnetic
anisotropy, Δχ = χ ) � χ^, resulting in alignment of the
molecular long axis along the field with degeneracy of
the orientation of the molecule in the plane perpendi-
cular to the field.
The aziumuthal dependence of the scattered inten-

sity provides a quantitative measure of the degree
of alignment of the smectic mesophase of the PDI
mesogen and the cylindrical microdomains of the BCP
(Figure 5d and g). For R = 0.5, the full-widths at half-
maximum (fwhm) for the BCP and LC peaks are 39� and
23�, respectively, whereas for R = 0.33 the correspond-
ing fwhm are 53� and 40�. Using a Gaussian approx-
imation for the intensity distribution we can cor-
relate the fwhm with the scalar coefficient of the

orientation distribution function for uniaxial symmetry,
P2 = (1/2)(3 cos2 θ � 1); that is, we can estimate the
orientational order parameter Sbyevaluating the average
of this second Legendre polynomial, as shown in eq 1.

S ¼ ÆP2(cos θ)æ ¼

Z π=2

0

1
2
(3 cos2 θ � 1)sin θ dθ

Z π=2

0
sin θ dθ

(1)

Perfectly aligned structures have S = 1, while the
completely random case corresponds to S = 0. We find
SLC = 0.91 and SBCP = 0.78 for R = 0.5 and slightly lower
values for R = 0.3, where SLC = 0.77 and SBCP = 0.64.
These values indicate that the system exhibits a high
degree of orientational order. The observation that SLC
> SBCP is consistent with the hypothesis that the
alignment of the LC mesophase drives the alignment
of the BCP, and so SLC places an upper bound on SBCP.
Finally, these values compare favorably with prior work
on shear alignment of electrostatic PDI complexes32

and benzoperylene moieties,33 where dichroic ratios
of 18 and 14.3 were observed, respectively. These
dichroic ratios correspond to orientational order par-
ameters S= 0.85 and S = 0.82, where S can be related to
the dichroic ratio approximately as eq 2.34

S ¼ 3
2

D

Dþ 2
� 1
2
¼ D � 1

Dþ 2
(2)

The highly ordered structures characterized by TEM,
SAXS, and WAXS extend continuously throughout all
samples studied, with a singular orientation, akin to
ceramicmonoliths.35�37Weusedpolarizedopticalmicro-
scopy to provide a meaningful large-area observation of

Figure 5. (a) Schematic representation of the corresponding labels shown in the 2D WAXS plots, along with the direction of
the magnetic field, B. Room-temperature 2D WAXS (b) and SAXS (c) data for PS(5.2k)-b-[PAA(4k)-sg-PDI] at R = 0.33 after
magnetic alignment at 6 T. (d) Azimuthal dependence of scattered intensity for LC and BCP primary peaks for R = 0.33. Room-
temperature 2D WAXS (e) and SAXS (f) data for PS(5.2k)-b-[PAA(4k)-sg-PDI] at R = 0.50 after magnetic alignment at 6 T. (g)
Azimuthal dependence of scattered intensity for LC and BCP primary peaks for R = 0.50. The magnetic field direction was
vertical with respect to the diffractograms. The degenerate orientation of the PDImesogen core relative to themagnetic field
results in reflections at qπ=1.82Å�1 corresponding to aπ�π stacking distance of 3.45 Å and at q1 = 0.63 Å�1 (d1 = 10Å) due to
the lateral distancebetweenPDImesogens. Tilt of the alkyl tails results in symmetric reflections at qalkyl = 1.43 Å�1 (dalkyl = 4.4 Å).
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alignment uniformity through the birefringence of the
samples, which originates due to the LC organization of
the PDI mesogens (SI, Figure S7). Strong optical birefrin-
gence was observed, with uniform extinction of light
transmission across a filmofmillimeter length scalewhen
the field direction used during alignment was parallel
to either the polarizer or analyzer. Likewise, the film was
uniformly bright when the field, and thus the LC director,
was at 45� to the polarizers.
We further demonstrated the ability to tune the

domain size of these materials by varying themolecular
mass and composition of the polymer backbone. A
series of PS-b-PAA BCPs was synthesizedwith character-
istics as detailed in Table 1. Two polymers with larger
molecularmass, but similar composition to the PS(5.2k)-
b-PAA(4k) parent polymer, served to investigate the
dependence of TODT on molecular mass. As expected,
TODT increases with total molecular mass for identical
molar ratios, as reasoned by the increase of polymer
viscosity due to chain entanglement (Table 1). Magnetic
alignment ofboth the13.5k and29.7k PS-b-[PAA-sg-PDI]
at R = 0.4 using the previously applied cooling rate of
1 �C/min but at higher starting temperature was effec-
tive inproducingwell-aligned samples,without encoun-
tering strong kinetic limitations due to the increased
molecularmass (SI, Figures S8 and S9). Similar to the 9.2k
PS-b-[PAA-sg-PDI] at R = 0.4, both the 13.5k and 29.7k
PS-b-[PAA-sg-PDI] at R = 0.4 exhibited a cylindrical
morphology. For larger molecular mass BCPs, solvent
annealing stands as an attractive alternative to achieve
the isotropic state, especially due to thermal degrada-
tion of the polymers and side reactions, such as anhy-
dride formation of PAA. The d-spacing values obtained
with the higher molecular mass systems are given in
Table 2. The sharp increase in the d-spacing reflects the
effect of the increased molecular mass and higher
segregation strength between the blocks at the slightly
reduced molar ratio (R = 0.4). In contrast to these near-
symmetric diblocks, a 27.1k PS(20.8k)-b-[PAA(6.3k)-sg-
PDI] with minority PAA block (23 wt %) did not exhibit

field alignment for R = 0.4 and 0.8 (SI, Figure S10). This
may be explained by the fact that for both ratios, TODT
was at least 20 �C higher than Tiso, likely due to the lower
mass content of the PDI and thus stronger segregation
between theblocks. As a result, this system is challenged
by the kinetic constraint of aligning in the high-viscosity
ordered state of the BCP on crossing Tiso.

CONCLUSION

The magnetic alignment of PS-b-PAA containing
supramolecularly grafted semiconducting PDI meso-
gens into an organic monolith has been achieved and
characterized using a combination of X-ray scattering,
NMR, DSC, IR, and TEM characterization techniques.
The microstructure of the system is tunable by con-
trolling the polymer molecular mass, composition,
and stoichiometry of the mesogen attachment to the
acrylic acid units. For the particular compositions
studied here, the systemexhibited hexagonally packed
PS cylinders embedded in a matrix of well-ordered
smectic layers of PDI mesogens bound to the PAA
block. Alignment was conducted in a facile manner by
cooling the system from its high-temperature disor-
dered state in the presence of the magnetic field. The
resulting materials display a single orientation of the
microstructure throughout the sample, with the PS
cylinders and the director of the smectic mesophase
of the PDI strongly aligned along the field direction.
The space pervasive nature of magnetic fields means
that limitations on the size of the sample are imposed
only by the dimensions of the available high-field
magnet. The use of magnetic fields thus holds consid-
erable promise as a scalable means of controlling
texture in semiconducting polymers for organic elec-
tronic applications. The supramolecular attachment of
the semiconducting species offers significant flexibility,
as it enables a modular approach to the design of
functional materials, which are amenable to large-area
processing. Future studies are geared toward device
fabrication and characterization of the charge carrier
properties of these highly ordered and aligned systems.

METHODS
Synthesis. All reagents were obtained from commercial

sources and used without further purification. All reactions

were magnetically stirred under argon and monitored by

thin-layer chromatography. Detailed synthesis of the PDI meso-

gen and accompanying NMR spectra are included in the SI.

TABLE 1. Summary of PS-b-PAA Composition and TODT

total Mn
a (g/mol) PS Mn

a (g/mol) PAA Mn
a (g/mol) wt % PAA TODT

b (�C)

9200 5200 4000 43 195
13 500 7500 6000 44 200
29 700 17 900 11 800 40 230
27 100 20 800 6300 23 240

a Determined by size exclusion chromatography (SEC). b Determined by temperature-
resolved SAXS at R= 0.4, except for the parent diblock withMn = 9200 g/mol where
R = 0.50.

TABLE 2. Summary of d-Spacings for Annealed Samples

polymera dBCP (nm) dLC (nm)

PS(5.2k)-b-PAA(4k) 11.2 5.5
PS(7.5k)-b-PAA(6k) 23.0 4.9
PS(17.9k)-b-PAA(11.8k) 28.2 5.0
PS(20.8k)-b-PAA(6.3k)b 26.9 5.3

a Determined from 1D SAXS of annealed bulk samples at R = 0.4. b Unlike the other
three polymers, PS(20.8k)-b-PAA(6.3k) did not exhibit magnetic alignment.
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PS(5.2k)-b-PAA(4k) was purchased from Polymer Source and
was used as received. All other PS-b-PAA polymers were
synthesized by reversible addition�fragmentation chain transfer
according to reported literature.

Nuclear Magnetic Resonance. All NMR spectra were recorded on
a Bruker instrument at 500 MHz at room temperature. Chemical
shifts for 1H NMR spectra are reported in parts per million
downfield from Me4Si and were referenced to residual proto-
nated solvent (CDCl3: δ 7.26; THF-d8: δ 1.72, 3.58). Chemical
shifts for 13C NMR spectra are reported in parts per million
downfield from Me4Si and referenced to protonated solvent
(CDCl3: δ 77.0). Data are represented as follows: chemical shift
(multiplicity [s = singlet, d = doublet, t = triplet, m = multiplet],
coupling constants in hertz, integration).

Sample Preparation. Stock solutions of PS-b-PAA and PDI meso-
genswere prepared in DMF at 5wt%. Based on the stoichiometric
ratio (R), appropriate volumes of the PS-b-PAA and PDI mesogen
stock solutions were mixed at 70 �C and allowed to stir for a
minimum of 4 h to ensure homogeneity. Bulk samples were
prepared by evaporating the solution in an Eppendorf tube under
vacuum at 75 �C until the solvent was completely removed,
resulting in a solid red pellet.

Magnetic Alignment. Bulk samples of approximately 2 mm
thick and 3 mm in diameter were sandwiched between thin
Kapton windows on a home-built temperature-controlled
aluminum stage within a superconducting magnet (American
Magnetics Inc.) at a flux density of 6 T. The samples were heated
above the TODT, typically around 200 �C, at 10 �C/min, and then
allowed to cool at 1 �C/min to room temperature in the presence
of the field. Details of the system and its integration with the
X-ray scattering instrument are available in a prior report.29

Transmission Electron Microscopy. Polymer samples were sup-
ported inside the blocks of epoxy resin (SPI-PON 812, SPI
Supplies). Thin sections of the aligned samples with thickness
in the range of 70�100 nm were obtained by ultramicrotomy
using a diamond knife at room temperature. Sections were
retrieved on 200 mesh TEM grids after flotation onto water and
stained in OsO4 vapor (which preferentially stains the PAA-sg-
PDI block) for 30 min prior to imaging. TEM analyses were
performed on FEI Tecnai Osiris TEMwith an accelerating voltage
of 200 kV.

X-ray Scattering. In situ SAXS experiments in high magnetic
field were performed on a pinhole-collimated Rigaku SMAX3000
instrument configured with Cu KR radiation (λ = 1.542 Å). The
SAXS instrument uses a microsource generator and pinhole
collimation to obtain a beam diameter of 1.2 mm at the sample
plane and customized to permit inclusion of the high-field
magnet to perform in situ scattering. The scattering was re-
corded onto a two-wire area detectorwith a resolutionof 1024�
1024 pixels placed at a distance of 80 cm from the sample,
permitting access to a range of scattering vectors (q) from
0.015 to 0.21Å�1. The resulting 2DSAXS patternswere calibrated
using a silver behenate standard. 2D patterns were integrated
azimuthally to provide intensity, I, versus q, where q= 4π sin(θ)/λ,
where 2θ is the scattering angle.WAXSwas recordedonto image
plates (Fuji), and data were calibrated using a silicon powder
(111) diffraction ring with a d-spacing of 3.1355 Å. For the
temperature-resolved measurements, samples were subjected
to a heating/cooling rate of 2 �C/min and equilibrated for 2 min
at each temperature prior to data acquisition. 2D data were
rendered using WSxM.38

Differential Scanning Calorimetry. DSCwas performedon aQ200
instrument (TA-Instruments) under N2 flow at a heating/cooling
rate of 5 �C/min.

FTIR. The melt samples were pressed into KBr pellets, and
the IR measurements were conducted with a Bruker Tensor 27
spectrometer at room temperature.

Polarized Optical Microscopy (POM). Birefringent textures of the
aligned samples were observed by POM using a Zeiss Axiovert
200 M inverted microscope.
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