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Nanostructured Carbon Arrays from Block Copolymers of Polyacrylonitrile
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Carbon materials prepared by pyrolysis of organic precursors necessary to increase the relative rate of initiation versus propaga-
play an important role in many areas of chemistry and chemical tion, which was achieved using halogen exchange (i.e., CuCl/
engineering, such as separation processes, electrochemistry, cabipyridine was applied as the catalykt).
talysis, energy storage/conversion devicest ¥ell-defined carbon Ultrathin copolymer films were prepared by spin-coating from
nanostructures have been receiving a tremendous amount of2 to 50 mg/mL solutions in DMF onto freshly cleaved mica or
attention since the discovery of fullereAdsllowed by carbon onto silicon wafer chips with a native oxide layer on the surface.
nanotubed.Numerous envisioned applications of nanostructured Thin films (from hundreds of nanometers to micrometers) were
carbons include nanocompositegas storage medigin particular prepared by placing a drop of solution on the substrate and allowing
hydrogen storage for fuel cef)s catalyst supportsand proximal the solvent to evaporate freely. Prior to pyrolysis, the samples were
probes? The electrical properties of carbon nanotubes point to the yacuum-annealed for-12 h at temperatures of 26@30 °C and
possibility of their use as nanoelectronic devices, such as field effect copled to room temperature in order to ensure uniform starting
transistor$ and field-emission electrodes for flat panel displéys. ~ morphologies. The surface morphology of films was studied with

In this Communication, we present a novel approach to well- the aid of tapping-mode atomic force microscopy (AFM).
organized nanostructured carbon materials, based on the carboniza- /isyajization of phase-separated PAN domains in the PBA matrix
tion of block copolymers containing polyacrylonitrile (PAN). Ina  \ya5 possible owing to compliance-based corfastween the soft
certain way, it resembles the synthesis of fullerenes and carbonpga matrix (Ty~ —50°C, as determined by differential scanning

nanotubes_,_where a nanostructgred carbon is obtained _fromcalorimetry) and rigid PAN domaingT§ >100°C). AFM images
decomposition products of organic precursors. The synthesis ofof annealed films revealed the presence of uniformly spaced

Cﬁrbogun?notubebsl in :;Jrregtly huse_d ;larocessej such'aaf farc OIIS(jjlobular protrusions, with an average center-to-center spacing of
charge;” laser ablatiort; and chemical vapor depositionet- ~30 nm (Figure la, Table 1). These regular protrusions were

fectively proceeds from the gas phase, where control of the resultingidentiﬁeol as rigid PAN domains, since they were more pronounced
species is still a big challenge. The distinguishing feature of the ’

. . . upon switching from “light tapping” imaging conditions (set-point
method presented here is that it relies on the use of block p_ g 9 pping ging . ( p P "
; . : . S = A/IA, — 1, whereA, and A denote respectively the “free
copolymers in which the carbon precursor (PAN) is preorganized . . . e
) . - -~ cantilever amplitude and the amplitude maintained by the feedback
into a well-defined nanostructure through familiar phase-separatlon-IOO during imaging) to *hard tappingSt~ 0.5-0.7). The globular
driven self-assembl¥# induced by the presence of a sacrificial, P 9 ging pping ) e 9

immiscible block (e.g..n-butyl acrylate). The nanostructured shape of PAN domains is consistent with the spherical morphology

precursor phase serves then as a template of the target carbor\{Vh'Ch was indeed expected, given the composition of the copolymer

material, which is obtained by pyrolysis accompanied by volatiliza- under study {6.5 wt % of PAN)'N Following vacuum annealing,
tion of sacrificial phase. The key to success of such a strategy is Ehe ,Samples were th,en, subjected h OT gnneallng at 208230

the survival of the original nanostructure through pyrolysis. This C in contact with air in order to stablllze_the PAN _phase, and
might appear extremely challenging, since a high extent of SuPsequently they were pyrolyzed by heating af@fmin under
graphitization typically requires heating the material to temperatures Mtr0gen gas from room temperature.

as high as 600C and above. Herein we demonstrate that this can __AS Shown in AFM images of samples heated to 600 and 1200
be accomplished utilizing the process of thermal stabilization used “C (Figure 1b,c), the samples retained the overall domain topology

in the manufacturing of carbon fibe¥&During this step the material ~ @nd spacing (Table 1).

is heated to 200230 °C in the presence of air, which leads to In contrast with _pristine and annealed samples_, the morpho!ogy
conversion of PAN into a cross-linked, ladder poly#ieand to of pyrolyzed materials did not change upon switching between light
stabilization of the nanostructure. tapping and hard tapping, indicating the disappearance of the soft,

Several block and gradient copolymers were prepared, but compressible PBA phase. Consistent with this observation, the
throughout this study we focused on well-defined ABA triblock Samples exhibited a pronounced increase of overall roughness, as
copolymer of acrylonitrile (AN) anch-butyl acrylate (BA) with characterized by the rms roughness and height range (Table 1).
average composition (A—(BA)ss0—(AN)4s and polydispersity Upon pyrolysis the materials underwent extensive graphitization,
Mw/M, = 1.26. The copolymer was prepared by atom transfer as evidenced in Raman spectra (Figure 2), which were very similar
radical polymerization (ATRPf The first step was the preparation  to those reported in the literature for carbon fib®rsyith a
of BA-based macroinitiators using the difunctional initiator dimethyl ~ characteristic strong, relatively narrow band around 1600%cm
2,6-dibromoheptanedioate and CuBM,N',N"",N""-pentamethyldi- corresponding to a graphitic species (G-band) and a broader band
ethylenetriamine (PMDETA) as the catalyst. To achieve controlled centered around 1350 cr corresponding to an 3parbon species
polymerization of AN using poly(BA)-based macroinitiators, it is  (D-band)?° In contrast, flame pyrolysis of the control samples,
which were not subjected to heat stabilization, resulted in the
* Address correspondence to these authors. E-mail: tomek@andrew.cmu.edu.formation of randomly scattered nanoparticulate residues (see
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Figure 1. Tapping-mode AFM images illustrating the effect of thermal treatment on the evolution of nanoscale morphology of ultrathii ifm) films
of (AN)45—(BA)s30—(AN) 45 block copolymer spin-coated onto a silicon wafer. (a) Sample vacuum-annea2t fit 220°C to equilibrate the morphology;
(b) sample heated under nitrogen at 20 deg/min from room temperature tC680d (c) to 1200C.

Table 1. Surface Geometry of (AN)ss—(BA)s30—(AN)4s before and
after Pyrolysis to Different Temperatures
before 600 °C 1200 °C
domain spacing (nm) 31 34 30
rms roughness (nm) 0.84 1.4 2.0
height range (nm) 6.2 0.6 7.6+ 0.3 10.5+ 1.0
aDetermined from 2-D Fourier transforms of images.
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Figure 2. Raman spectrum of the sample pyrolyzed by heating under
nitrogen at 20 deg/min to 90TC.

Supporting Information). Interestingly, as shown in the Supporting
Information, following heat stabilization, even relatively poorly
controlled flame pyrolysis resulted in materials with well-defined

nanostructure corresponding to the morphology of a block copoly-
mer precursor. This robustness of the described route to well-defined
nanostructured carbons suggests that it should be highly amenable
to scale-up. Extension of this route to block copolymers with other

morphologies (cylindrical, gyroié lamellar) should be relatively

straightforward. The resulting nanostructured carbons are not
expected to achieve the atomic-level perfection of fullerenes or

spectra were acquired by Art Hewig in Professor Tod Przybycien’s
laboratory (Department of Chemical Engineering).

Supporting Information Available: Details of the synthesis; AFM
characterization of block copolymers (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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