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S
elf-assembly of strongly segregated
block copolymers can yield well-
defined, compositionally pure do-

mains on the order of 10 nm that are ide-

ally suited for block copolymer

lithography.1,2 The morphology and do-

main size can be controlled by tuning the

molar mass of the constituent blocks. A va-

riety of techniques such as thermal

annealing,3,4 solvent annealing,5 external

field alignment,6 and substrate

modifications7�10 have all been developed

to improve the degree of long-range order

in thin films. Highly ordered arrays of lamel-

lar, cylindrical, and spherical microstruc-

tures have been used to pattern uniform ar-

rays of lines,10 rings,11 dots,12 and holes.13

Since the first example of block copoly-

mer lithography, where Park et al. employed

polystyrene�poly(butadiene) (PS�PB) and

PS�polyisoprene (PI) masks in the fabrication

of dot and antidot arrays,2 a variety of poly-

meric systems have been employed,14�17 but

none more than PS�poly(methyl methacry-

late) (PMMA).18 Shortly after the Park et al.

work, Thurn-Albrecht et al. used an electric-

field-aligned PS�PMMA precursor to grow

an array of Cu nanowires.19 More recently,

Kim et al. were able to deposit well-ordered

arrays of catalytic iron particles using a

PS�PMMA mask, which they used to grow

dense arrays of carbon nanotubes.20 In addi-

tion to these and other examples of nanow-

ires and nanotubes,21 PS�PMMA masks have

also been used to pattern arrays of dots,22�26

holes,27�29 and lines.30�32 The widespread us-

age of PS�PMMA stems from the ability to

form well-ordered arrays of PMMA domains

oriented normal to the substrate and the rela-

tive ease with which the PMMA can be selec-

tively etched via UV exposure followed by

acetic acid washing. However, the PS�PMMA
system is not without its drawbacks. The rela-
tively low Flory�Huggins interaction param-
eter � between PS and PMMA requires high
molecular weights to achieve microphase
separation.33 Additionally, PS is a relatively
poor etch mask, susceptible to pattern degra-
dation by organic solvents, elevated temper-
atures, and even the etching protocols used
for pattern transfer. Attempting to overcome
these shortfalls, Si- and Fe-containing groups
such as poly(dimethylsiloxane) (PDMS),34

polyhedral oligomeric silsesquioxane
(POSS),35 and poly(ferrocenylsilane) (PFS)36

have been incorporated into block copoly-
mer masks. These block copolymers can form
well-ordered arrays similar to PS�PMMA,
but oxidation of the inorganic block using
O2 reactive ion etching (RIE) forms the corre-
sponding oxide, which is highly resistant to
further O2 RIE and retains the pattern of the
original polymeric material. This high etch re-
sistance allows for faithful replication of the
polymeric pattern into the underlying ma-
terial, which has been demonstrated in the
formation of dots,37 rings,11,38 and lines.34
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ABSTRACT Highly immiscible block copolymers are attractive materials for applications in nanolithography

due to their ability to self-assemble on length scales that are difficult to access by conventional lithography. The

incorporation of inorganic domains into such block copolymers provides etch contrast that can potentially reduce

processing times and costs in nanolithographic applications. We explored thin films of

polylactide�poly(dimethylsiloxane)�polylactide (PLA�PDMS�PLA) triblock copolymers as multifunctional

nanolithographic templates. We demonstrate the formation of well-ordered arrays of hexagonally packed PDMS

cylinders oriented normal to the substrate, the orthogonal etchability of these cylinders and the PLA matrix, and

the formation of etch-resistant domains that can be used as pattern transfer masks.
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Jung and Ross suggest the ideal block copolymer

mask should have a high � value and possess selec-

tively etchable domains.34 A large � value between the

constituent blocks favors the formation of well-defined,

highly pure domains while the high etch selectivity al-

lows for the pattern formed by these domains to be

faithfully transferred into the underlying material. To

achieve this goal, we explored the use of an ABA tri-

block copolymer containing poly(D,L-lactide) (PLA) end

blocks and a PDMS midblock. Estimation of � based on

Hildebrand solubility parameters suggests that these

two blocks should be extremely incompatible (�PLA �

19.8 MPa1/2, �PDMS � 15.1 MPa1/2; �PDMS�PLA � 0.94 at 298

K).41 The Si in the PDMS backbone provides etch resis-

tance to O2 RIE, whereas PLA is nearly twice as suscep-

tible to this etchant compared to PS.39 Conversely, the

PDMS domains can be selectively etched in the pres-

ence of PLA by fluorinated etchants. This selective etch-

ability provides a route to both dot and antidot arrays.

Herein, we will briefly describe the synthesis, molecular

characterization, and bulk self-assembly of several

PLA�PDMS�PLA block copolymers. We then turn our

attention to the thin film behavior of these materials

and their use in block copolymer lithography.

RESULTS AND DISCUSSION
We prepared PLA�PDMS�PLA (LDL) triblock co-

polymers based on established procedures described

in the literature.40,41 Briefly, the ring-opening polymeri-

zation of D,L-lactide from a commercially available �,�-

3-(2-hydroxyethoxy)propyl-terminated PDMS

(HO�PMDS�OH) macroinitiator was carried out using

Sn(Oct)2 at 100 °C either in the bulk or in toluene solu-

tion. The LDL samples listed in Table 1 are labeled

LDL(X�Y�X), where X is the number average molar

mass of each PLA end blocks and Y is the number aver-

age molar mass of the PDMS midblock in kg/mol as de-
termined by 1H NMR spectroscopy.

To confirm the formation of PLA�PDMS�PLA tri-
block copolymers, 1H NMR spectroscopy and size exclu-
sion chromatography (SEC) were employed (see Sup-
porting Information, Figures S1 and S2). Analysis of the
1H NMR spectrum shows a downfield shift of the termi-
nal methylene end groups in HO�PMDS�OH and the
emergence of PLA backbone and end group signals.
SEC chromatographs of the triblock copolymers show
peaks shifted to lower elution volume relative to the
parent HO�PDMS�OH homopolymer and PDIs be-
tween 1.2 and 1.7. We attribute the variation in PDI to
differing levels of PLA homopolymer that appear at
roughly the same elution volume as the LDL triblock co-
polymer and lead to apparent broadening of the SEC
traces. The combination of the 1H NMR and SEC results
provides strong evidence for the successful initiation of
both HO�PDMS�OH hydroxyl groups and the growth
of PLA to form PLA�PDMS�PLA triblock copolymers.

Self-assembly of these triblock copolymers in the
bulk was probed by small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM). Every
sample examined by SAXS exhibited a primary scatter-
ing peak, indicative of microphase separated domains;
several samples also exhibit higher order peaks that al-
low for more precise morphological characterization.
Figure 1 shows three representative 1D SAXS profiles
consistent with lamellar, cylinder, and sphere forming
microstructures. Interestingly, each of these samples re-
tained a relatively narrow principal scattering peak up
to 190 °C, indicating that the samples remained mi-
crophase separated, despite the high temperatures and
relatively low molecular weights. Additionally, we esti-
mated � using strong segregation theory and the do-
main spacings of a lamellar sample according to the
equation D � 1.1bN2/3�1/6, where D is the lamellar do-

TABLE 1. PLA�PDMS�PLA Block Copolymers

Mn
a

PLA PDMS PDIb fPLA
c

LDL(1.6�5�1.6) 3.2 5.0 1.25 0.39
LDL(1.9�5�1.9) 3.9 5.0 1.19 0.43
LDL(2.2�5�2.2) 4.4 5.0 1.20 0.46
LDL(2.6�5�2.6) 5.2 5.0 1.19 0.51
LDL(3.0�5�3.0) 6.0 5.0 1.21 0.55
LDL(3.7�5�3.7) 7.4 5.0 1.24 0.60
LDL(7.0�5�7.0) 14 5.0 1.35 0.72
LDL(9.5�5�9.5) 19 5.0 1.62 0.78
LDL(12�5�12) 24 5.0 1.11 0.82
LDL(1.4�1�1.4) 2.8 1.0 1.68 0.72
LDL(13�8�13) 26 7.9 1.56 0.74

aMolar masses calculated from 1H NMR spectra assuming two end groups per polymer chain, reported in kg/mol. bPolydispersity indices (PDI) were obtained by SEC in chlo-
roform at 35 °C based on PS standards. cVolume fractions were calculated at 25 °C from literature densities.41
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main spacing, b is the statistical segment length, and

N is the total degree of polymerization. Using an ap-

proximate statistical segment length of 7.9 Å and refer-

ence volume of 118 Å3,42 �PLA�PDMS � 360/T � 0.21 was

obtained. At 298 K, � � 1.4, in rough agreement with

estimates based on solubility parameters. For compari-

son, at 393 K, we estimate �PDMS�PLA � 1.1, compared to

�PS�PMMA � 0.04, �PS�PLA � 0.15, �PI�PLA � 0.24, and

�PS�PDMS � 0.51.

Figure 2 shows three TEM micrographs of the same

lamellar, cylinder, and sphere forming samples shown

in Figure 1. The more massive Si atoms in the PDMS do-

mains more efficiently scatter electrons and therefore

appear darker. Figure 2 shows block copolymers exhib-

iting lamellae (Figure 2a), cylinders of PDMS oriented

perpendicular to the beam (Figure 2b), and PDMS

spheres (Figure 2c). We attribute the disordered nature

of the spheres of LDL(7.0�5�7.0) to the extremely

large value of �N for this system, which inhibits chain

mobility and the ability to adopt structures with long-

range order. The domain spacings and feature sizes ob-

tained from these TEM images are consistent with those

from SAXS measurements and support the morphologi-

cal assignments. The presence of two distinct glass tran-

sitions around �125 and 40 °C also supports the forma-

tion of well-segregated PDMS and PLA domains

(Supporting Information Figure S3).

We examined the thin film behavior of the largest

block copolymer we prepared, LDL(13�8�13). In the

bulk, this block copolymer self-assembles into cylinders

of PDMS approximately 28 nm in diameter with a prin-

cipal domain spacing of 36 nm, as determined by SAXS

(see Supporting Information Figure S4). Thin films of

LDL(13�8�13) were prepared by spin coating on Au

(10 nm)-capped Ni/Cr (3.5 nm) substrates from chlo-

robenzene or toluene solutions (10 mg mL�1). Solutions

in both solvents were macroscopically homogeneous,

but images obtained by atomic force microscopy (AFM)

showed that films prepared from chlorobenzene were

significantly rougher than those prepared from toluene.

For that reason, toluene was the preferred spinning

solvent.

After spin coating, film thicknesses of approximately

40 nm were measured by imaging a scratched region

in the film by AFM as well as by grazing incidence X-ray

reflectivity. Height images acquired in tapping mode

of the as-spun films showed uniform circular surface

features we attribute to a cylindrical morphology con-

sisting of a disordered array of PDMS cylinders oriented

normal to the substrate in a PLA matrix (Figure 3a). We

attribute the formation of a cylindrical morphology in

the case of LDL(13�8�13) as opposed to a spherical

morphology observed for LDL(7.0�5�7.0) to the larger

degree of segregation of LDL(13�8�13). The appar-

ent observation of a surface perpendicular microstruc-

ture is remarkable, considering the large difference in

surface energies between PLA and PDMS (approxi-

mately 40 and 20 mJ m�2, respectively).43,44 Large differ-

ences in the surface energy of constituent blocks favor

Figure 1. Representative 1D SAXS patterns. Samples consis-
tent with lamellar [LDL(2.2�5�2.2)], cylindrical
[LDL(3.7�5�3.7)], and spherical [LDL(7.0�5�7.0)] morphol-
ogies are shown. Arrows indicate predicted peak locations
for the assigned morphology. Data shown were obtained at
80 °C [LDL(2.2�5�2.2)] or 140 °C [LDL3.7�5�3.7 and
LDL(7.0�5�7.0)].

Figure 2. TEM micrographs of (a) LDL(2.2�5�2.2), (b) LDL(3.7�5�3.7), and (c) LDL(7.0�5�7.0) consistent with lamellar, cylindrical,
and spherical morphologies, respectively.
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a surface parallel morphology, in an attempt to mini-
mize the exposure of the higher surface energy block
to the free surface.45 To determine if the observed per-
pendicular morphology was due to incommensurability
between the film thickness and domain spacing, films
of thickness 20, 70, and 100 nm were also prepared. In
each case, uniform circular surface features of identical
diameter and pitch indicative of surface normal cylin-
ders were observed. This suggests that the perpendicu-
lar orientation of the cylinders is not the result of con-
finement. This effect may be due to a solvent
evaporation gradient normal to the substrate that
forms during the spin coating process.5,46

To improve the lateral ordering of the system, the
films were solvent-annealed under toluene vapor for
varying times. After solvent annealing, the contrast of
the AFM image was significantly reduced (Figure 3b and
Supporting Information Figure S7), suggesting the for-
mation of a thin surface-wetting layer, presumably of
PDMS (due to its lower surface energy). As shown in Fig-
ure 3c, this wetting layer was removed after 20 s of a
SF6 reactive ion etch (RIE), a PDMS etchant with an ap-
proximate etch rate of 80 nm/min.47 The greatest de-

gree of lateral order was observed after 45 min of tolu-

ene vapor exposure. Solvent annealing for less than 45

min or more than 120 min produced films with little

long-range order (Figure S6). Interestingly, none of the

films displayed islands, holes, or any measurable

change in film thickness after solvent annealing up to

480 min. While grain boundaries are clearly observed in

the 1 	 1 
m2 AFM images, macroscopically uniform

films have been reproducibly prepared on 3 	 3 cm2

substrates.

The ability to selectively etch either the minority cy-

lindrical domains or the majority matrix domain allows

for formation of both dot and antidot arrays from the

same block copolymer. To probe the etchability of the

PDMS domains, solvent-annealed LDL(13�8�13) films

were exposed to an additional SF6 RIE beyond what was

needed to remove the surface-wetting layer. Cylindri-

cal features are initially observed after removal of the

wetting layer at 20 s of SF6 RIE (Figure 3c) and are iden-

tifiable up to 35 s of SF6 RIE (Figure 4a), albeit with an

apparent decrease in the degree of order. After 40 s of

SF6 RIE, the integrity of the mask starts to become com-

promised (Figure 4b). This is likely due to the ablation

of the mask by high-energy incident ions. To probe the

surface of these films, X-ray photoelectron spectros-

copy (XPS) was performed (see Supporting Informa-

tion Figure S5). Prior to SF6 RIE, the XPS data show sig-

nals at binding energies of 531, 284, 151, and 101 eV,

corresponding to electrons from the O 1s, C 1s, Si 2s,

and Si 2p orbitals, respectively. After 35 s SF6 RIE, the

XPS spectrum showed strong signals at 87 and 82 eV,

corresponding to electrons originating from Au 4f5/2

and 4f7/2 energy levels. Notably, no signals were ob-

served from either Si 2s or 2p energy levels, consistent

with complete removal of the PDMS domains. This

agrees well with previously reported high etch rates

for Si-containing materials exposed to fluorinated

etchants. The results from the XPS data are consistent

Figure 3. AFM height images of (a) LDL(13�8�13) as spun, (b) after solvent annealing in toluene vapor for 45 min, and (c) after expo-
sure of the solvent-annealed film to 20 s SF6 RIE. Insets show FFTs obtained from the images. Scale bar 200 nm.

Figure 4. AFM height images after SF6 RIE for (a) 35 s and (b) 40 s.
Films were solvent-annealed for 45 min prior to etching. Insets show
the FFT obtained from the images. Scale bar 200 nm.
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with ejected Au electrons escaping from cylindrical

voids that had previously been occupied by the PDMS

domains.

Removal of the PLA matrix and simultaneous oxida-

tion of the PDMS domains to give an array of SiOx dots

were accomplished by exposing solvent-annealed films

to an O2 plasma. Thin film samples were etched in 30 s

intervals, and the corresponding AFM images are

shown in Figure 5. After 60 s of O2 RIE, dots were ob-

served. The dots become clearer with increasing expo-

sure to O2 plasma up to 150 s of RIE, at which point fur-

ther exposure yields no change in the image. The array

of dots exhibits a similar degree of order to the solvent-

annealed films, as observed in the FFTs generated from

the images. The small interstitial space between the

dots and the radius of curvature of the AFM tip pre-

vents accurate measurement of the dot heights. Using

an interstitial distance of 13 nm obtained from Figure 3c

and the reported tip radius of curvature of 10 nm, we

calculate the maximum vertical tip displacement and

therefore maximum measurable height to be 2.1 nm.

From the AFM images, dot heights of approximately 1.9

nm were measured. After etching, the surface
of the film was examined using XPS. In addition
to a peak at 284 corresponding to C 1s elec-
trons, the XPS spectrum shows peaks at 151 and
101 eV characteristic of electrons originating
from Si 2s and 2p orbitals, respectively, due to
the oxidized PDMS. A peak at 531 eV corre-
sponding to O 1s electrons can also be ob-
served, primarily due to the oxidized PDMS, as
well. The spectrum also exhibits peaks at 546,
370, and 351 eV, which can be attributed to
electrons from the Au 4p3/2, 4d5/2, and 4d3/2 en-
ergy levels. Using the relation that 95% of de-
tected electrons originate from a distance less
than three times the inelastic mean free path
(IMFP) length from the surface48 and an approxi-
mate IMFP length of 1.2 nm49 for characteristic
Au peaks to be observed, any remaining PLA
layer is likely less than 3.6 nm thick.

We also attempted to transfer the dot array
shown in Figure 5e to the underlying Au layer.
To accomplish this, a solvent-annealed and O2-
etched film was subjected to 60 s of Ar ion beam
milling. Under similar ion beam milling condi-
tions, etch rates for Au (9.5 nm/min), Ni/Cr (1 nm/
min), and SiO2 (2.5 nm/min) have been previ-
ously established.50 An SEM image after 60 s of
Ar ion beam milling shows bright dots of Au on
a darker Ni/Cr substrate (Figure 6). From the SEM,
the diameter of the dots is approximately 18 nm
with a pitch of 27 nm. The cylinder diameter ob-
tained by SEM is slightly smaller than that ob-
tained by AFM (Figure S8), due primarily to distor-

Figure 5. AFM height images after O2 RIE for (a) 30 s, (b) 60 s, (c)
90 s, (d) 120 s, and (e) 150 s. All films were solvent-annealed for 45
min prior to etching. Scale bar 200 nm.

Figure 6. SEM of LDL(13�8�13) after 45 min solvent annealing,
150 s O2 RIE, and 60 s Ar ion beam milling. Au dots (bright) are ob-
served on a Ni/Cr substrate (dark). Scale bar 200 nm.
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tions caused by the AFM tip. On the basis of the dot size
and spacing, we estimate an areal density of 1 	 1012 dot/
in2. Milling for an additional 60 s yielded a disordered ar-
ray with no easily identifiable pattern. The degradation of
the pattern is due to a loss of etch contrast and is a re-
sult of the removal of the oxidized PDMS mask. With the
mask milled away, the fast-milling Au dots are removed
much more quickly than the slow-milling Ni/Cr under-
layer, causing the pattern to degrade.

CONCLUSIONS
We employed highly immiscible LDL block copoly-

mer thin films for use in block copolymer lithography.
Disordered arrays of cylinders oriented normal to the
substrate were obtained directly from spin coating. Sol-
vent annealing under toluene vapor led to the forma-
tion of well-ordered hexagonal arrays. Selective etching
of the PDMS domains was accomplished using SF6 RIE
and yielded a nanoporous PLA film. Conversely, selec-
tive removal of the PLA and oxidation of the PDMS do-
mains was accomplished using O2 RIE and yielded or-
dered hexagonal arrays of dots with areal densities on

the order of 1012 dots/in2. The utility of these polymers
for lithographic applications was demonstrated by
transferring the pattern of the oxidized PDMS dots
into the underlying Au layer using Ar ion beam milling.

The large value of �PDMS�PLA has obvious applica-
tions to the continued reduction of lithographically pat-
terned feature sizes. On the basis of our calculated � pa-
rameter, and calculations by Matsen and Thompson,51

Mayes and Olvera de la Cruz,52 and Matsen and Schick,53

we anticipate that a weakly segregated nearly symmet-
ric LDL triblock copolymer (i.e., LDL(0.6�1.0�0.6), �N
� 20) with a lamellar microstructure would exhibit PLA
and PDMS layers approximately 3.5 nm thick. Features
of this size would be among the smallest reported for
block copolymers to date.54 The large value of �PLA�PDMS,
selective etchability, and inherent etch contrast of these
materials allow for the fabrication of high density ar-
rays of sub-20 nm domains from small, highly segre-
gated block copolymers. Such high density arrays of
small, well-segregated domains may be useful in the
fabrication of magnetic recording media or integrated
circuits.

EXPERIMENTAL SECTION
Reagents: D,L-Lactide was purchased from Purac and was re-

crystallized from ethyl acetate and dried in vacuo at room tem-
perature prior to use. Stannous octanoate, purchased from
Sigma Aldrich, and �,�-ethoxylpropoxy-terminated poly(dimeth-
ylsiloxane), purchased from Gelest, were both used as received.
Methylene chloride was purified on an mBraun solvent purifica-
tion system employing a column of activated alumina. Toluene
was purified by passage over activated alumina and supported
copper catalysts in a home-built solvent purification system. All
other solvents were reagent grade and were used without fur-
ther purification.

PLA�PDMS�PLA Synthesis: Synthesis of PLA�PDMS�PLA tri-
block copolymers were carried out in scintillation vials. In one
representative polymerization, a vial was charged with 0.8 g (0.18
mmol) of �,�-ethoxylpropoxy polydimethylsiloxane, 1 g (6.94
mmol) of D,L-lactide, and 0.002 mL of 1 M stannous octanoate
(2 	 10�3 mmol). The reaction vessel was then immersed in a 100
°C oil bath for 24 h. After 24 h, the solidified reaction mixture
was dissolved in minimal CH2Cl2 and precipitated in anhydrous
methanol. The recovered product was dried under vacuum for
16 h at room temperature: 1H NMR (CDCl3) � 5.18 (m, 103 H), 4.33
(m, 1 H), 4.25 (t, J � 5 Hz, 2 H), 3.61 (t, J � 4.5 Hz, 2 H), 3.40 (t, J
� 7 Hz, 2 H), 1.58 (m, 2 H), 0.52 (m, 2 H), 0.07 (s, 416 H).

Thin Film Preparation: PLA�PDMS�PLA thin films were pre-
pared from solutions in chlorobenzene or toluene at a concen-
tration of 10 mg mL�1 (approximately 0.9% by weight). Polymer
solutions were spin coated at 2000 rpm for approximately 30 s
onto Si substrates capped with 3.5 nm Ni/Cr and 10 nm Au. Sub-
strates were rinsed in isopropanol prior to spin coating.

Reactive Ion Etching and Ion Milling: O2 RIE experiments were per-
formed on a Model 320 batch plasma etcher made by Surface
Technology Systems. O2 RIE experiments were done at a process
pressure of 1.5 	 10�2 Torr and a chamber power of 20 W. SF6

RIE experiments were performed on the same instrument with
a process pressure and power of 5 	 10�3 Torr and 10 W, respec-
tively. Argon ion beam milling experiments were performed on
a Technics argon ion mill using a process pressure of 8 	 10�5

Torr, an acceleration voltage of 100 V, and an ion beam current of
80 mA.

Characterization: 1H NMR spectra were obtained on Varian
INOVA-300, INOVA-500, or VXR-300 spectrometers in CDCl3 at

room temperature. Samples were prepared by dissolving ap-
proximately 25 mg of polymer in approximately 0.750 mL of deu-
terated chloroform. Each spectrum was obtained after 32 scans
with a 25 s pulse delay. Size exclusion chromatography (SEC) was
performed on an Agilent 1100 series instrument equipped with
an HP 1047A refractive index detector. Three PLgel Mixed C col-
umns as well as a PLgel 5 
m guard column from Varian were
employed. Chloroform was used as the mobile phase at 35 °C
flowing at a rate of 1 mL/min. Polymer samples were prepared
at an approximate concentration of 0.3% (wt/wt) in chloroform.
Molecular weights were determined from calibration curves cre-
ated from narrow molecular weight PS standards purchased
from Polymer Laboratories. Differential scanning calorimetry
was performed on a TA Instrument Q1000 instrument at a heat-
ing rate of 10 °C/min. Nitrogen was used as a purge gas, and in-
strument calibrations were performed using indium standards.
Samples were annealed at 150 °C for 10 min in the instrument
before subsequent cooling and heating cycles. Small-angle X-ray
scattering was performed at the University of Minnesota Twin
Cities Characterization Facility beamline. Cu K� X-rays (� � 1.542
Å) were generated by a Rigaku rotating anode equipped with
Franks mirror optics. Temperature control was obtained by elec-
trically heating the brass sample holder. Samples at elevated
temperatures were annealed for 10 min in the instrument prior
to analysis. Two-dimensional SAXS patterns were collected on a
Siemens area detector located between 2.2 and 4.4 m from the
sample. Prior to morphological characterization, samples were
pressed into circular disks approximately 0.5 mm thick at 110 °C
in a hydraulic hot press. Transmission electron microscopy im-
ages were obtained on a JEOL-JEM 1210 transmission electron
microscope operating at an acceleration voltage of 120 kV. Poly-
mer samples were pressed into blocks approximately 20 	 1 	
1 mm3 at 110 °C and thin sectioned perpendicular to the direc-
tion of flow using a Leica EM UC6 Ultramicrotome at room tem-
perature to prepare thin sections for viewing. X-ray photoelec-
tron spectroscopy was performed on an SSX-100 system using a
monochromatic Al K� X-ray source, hemispherical sector ana-
lyzer, and a resistive anode detector. Spectra were obtained us-
ing an X-ray power of 200 W and a pass energy of 150 eV. Atomic
force microscopy was performed on a Digital Instruments Nano-
scopeIII microscope in tapping mode. Engagement set points
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between 0.7 and 0.9 of the free amplitude oscillation were used.
Scanning electron microscopy was performed on a Hitatchi
S900 FE-SEM using an accelerating voltage of 3.0 kV.
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