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ABSTRACT: Carbonaceous templates with nanopord®) nm in diameter have been produced using low
molecular weight diblock copolymers of poly(styreim@crylonitrile). PSb-PAN was synthesized using sequential

living and controlled polymerization approaches, where the first block was anionically synthesized while the
second block was added using atom transfer radical polymerization (ATRP). Polystyrene with a hydroxy end
group was synthesized anionically and then reacted with 2-bromoisobutyryl bromide to create the ATRP
macroinitiator. Acrylonitrile was polymerized using ATRP procedures. Polymer microphase separation, stabilization,
and subsequent pyrolysis were characterized by small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM).

Introduction control over the reaction. Bulk ATRP of PAN has been done
X . ) 0
The self-assembly of diblock copolymers into microphase- to create diblocks, where PAN is the minor componerii{%)

separated morphologies having structures on the nanometer siz@noI nas .‘3 rgotljecmar Véz'%m?’ogo 9/ rr;ol‘.‘ :[I'he rheactlortlhlsl
scale enables their potential use as scaffolds and templates foPSUt;71 y ?' N di y thelfa : '0'.:935;1 S0 \gen P,SAUI\?b PaSS € | ylene
nanostructured devices. With the advent of atom transfer radical €aroonate or dimethylformamide.”=ecently, -S> poly-

polymerization (ATRP), certain polar monomers that could not mers were synthesized by ATRP techniques, using a _polar
be polymerized using typical living anionic procedures can now aprotic solvent, to overcome the challenges associated with the

be polymerized in a “controlled” fashion, allowing for the inst@\bilti_ty Orfl the dprop%gzgiﬂg I?S-tir end I%rodrﬁ_zln thde
synthesis of multiblock materials. Acrylonitrile has been shown synthetic scheme described herein, the styryl bromide end group

to polymerize under ATRP conditions yielding polymers with was avoided, allowing _for f[he §uccessfu| init!ation of acryloni-
polydispersities as low dd,/M, ~ 1.1, with molecular weights trile by ATRP polymerization in a polar protic solvent.

ranging from 1000 to 10 000 g/méR Polyacrylonitrile (PAN) Styrene and acrylonitrile random copolymers are made by
is of interest because of its use in the manufacture of carbonémulsion polymerization on an industrial scale. The incorpora-
fibers (black Orlon) and in random copolymers to create acrylic tion of acrylonitrile into the polymer imparts solvent resistance
(85% w/w PAN) and modacrylic (3585% w/w PAN) fibers. that opens a broad range of applications. It is interesting to note
When PAN is heated, it decomposes by cyclization and that these acrylonitrile-containing random copolymers cannot
aromatization of the nitrile side groups, with some inter- be pyrolyzed to graphitic structures. When acrylonitrile is
molecular cross-linking, to yield carbon fibét3his cyclization ~ copolymerized with styrene, it loses its ability to cross-link into
is of interest since it can be used to “freeze in” a specific @ graphitic structure due to chain scission at the styrene
microstructure, in the case of a microphase-separated diblockacrylonitrile bonds upon heatirlg. Therefore, attempts to
copolymer. Further heating can be done to create nanostructuredyrolyze the structure result in the decomposition of the
carbon arrays (see Figure 1). The creation of arrays of carbonpolymer.

nanodots, by using this method, has been shown by Kowalewski  Diblock copolymers of PS and PAN are particularly interest-

et al** using poly(-butyl acrylateb-acrylonitrile)® Another ing due to the strong nonfavorable segmental interactigns,
clever method for the creation of nanoporous carbon structurespetween styrene and acrylonitrile. Since the order-to-disorder
was demonstrated by Dai et al.where a resorcinet transition depends on the produghl, where N is the total

formaldehyde resin was polymerized within a microphase- number of segments in the copolymer, tioan be made small
separated PB-PVP template, and subsequent carbonization led while maintaining the block copolymer in the microphase-
to an ordered nanoporous carbon film. The approach describedseparated state. This, of course, means that the microdomains
herein is to use microphase-separated bHSAN diblock and resulting carbonaceous structures can be made smaller, with
copolymers to create nanoporous carbon templates. dimensions of~10 nm readily achieved.

Previous attempts to synthesize poly(styréraerylonitrile)
were done using anionic or free-radical methods using dialkyl- Experimental Section
phosphines. These met with mixed res@its. Poly(ethylene

oxide-b-acrylonitrile) 2223 poly(vinyl alcoholb-acrylonitrile) 4 Materials. Styrene (Fluka) was distilled over calcium hydride

_ L s and stored under nitrogen immediately before polymerizatiea.
and poly(2-ethylhexyl methacrylateacrylonitrile)”> have also Butyllithium (1.4 M in hexanes) and ethylene oxide were obtained

been sy_nthes!zed using dnffe_rent polymerlz_at_lon_ methOdS'_Thefrom Aldrich and used without further purification. Benzene was
synthesis of diblocks containing polyacrylonitrile is challenging gistilled over sodium/benzophenone. Acrylonitrile (AN) (Aldrich,

due to the limited number of solvents that dissolve PAN. 99+%) was passed over a column of basic alumina prior to use.
Controlled bulk polymerizations are difficult because PAN is Dimethylformamide (DMF) was distilled under reduced pressure
not soluble in its own monomer, causing gelation and loss of over magnesium sulfate. Copper(l) bromide (Aldrich, 99.999%) and

10.1021/ma0522920 CCC: $33.50 © 2006 American Chemical Society

Published on Web 02/10/2006
ublished on We CDV



Macromolecules, Vol. 39, No. 5, 2006 Poly(styrenes-acrylonitrile) 1767

2 - [T ‘7@‘? 5
: } g -

o oo\ [k
SRR

Figure 1. Carbonaceous template formation via stabilization and subsequent pyrolysis of PAN-containing diblock copolymers. PAN is shown as
the matrix in this diagram; the minor component is a sacrificial nongraphitic forming polymer which is removed during the pyrolysis step.

Table 1. PSb-PAN Samples Used in the Microphase Separation = 1.09.1H NMR (in CDCls) end-group analysis: PSCH,—CH,—
Studies OH (br m, 3.30 ppm, from aliquot before acid halide addition);
reaction  total M, PAN vol % PS-CH;—CH,—0—-CO—-C(CHs),—Br (br m, 3.73 ppm), PS

polymer time (min) My (NMR)2  con¥ PANc  PDIe CH,—CH,—0—CO—C(CH3),—Br (br m, 3.93 ppm).
SANb3 30 4200 2200 30.5 499 1.30 (b) Poly(styreneb-acrylonitrile) (PS-b-PAN). The polystyrene
SANb5 50 4650 2650 36.4 546 1.34 macroinitiator (0.50 g), CuBr (0.030 g), and dNbpy (0.160 g) were
SANb6 60 5300 3300 N/A 599 126 added to an oven-dried polymerization tube equipped with a Teflon
SANa2 60 4607 2610 379 541 NIA stir bar. The polymerization tube was back-flushed with nitrogen
SANa3 180 5668 3670 54.1 624 NA three times, and then DMF (4.0 mL) and AN (2.0 mL) were added.

aM, was determined by NMR using the dried polymer sample in DMSO- The tube was then freeze/pump/thawed three times, backfilled with
de. P Conversion was measured using aliquots of the reactions (a, b, c) atnitrogen, and reacted at PC for varying times (see Table 1).

different times and using the integration of the DMF peak at 7.95 ppm as ch terization. Numb lecul iahid
an internal standard to measure the disappearance of the monomer peak: aracterization. Number-average molecular weighté ) were

S ; )
¢Volume fraction was calculated from the NMR data usthg = 1.06 determined byH NMR in CDCl; (for polystyrene samples) and
g/mL and deay = 1.17 g/mL.¢ Data are not available due to limited =~ DMSO-dg (for diblock samples) using a 300 MHz Bruker spec-
quantities of material No correction was done to account for peak tailing  trometer. Monomer (acrylonitrile) conversion was determined by
from instrument, which may account for a broadening in PDI (see taking aliquots of the reaction at different times and measuring the
Supporting Information). DMF to acrylonitrile peak ratioMy, M,, and PDI were measured
o L . 0 via SEC against PS standards using two Polymer Laboratories
4,4-dinonyl-2,2-dipyridyl (dNbpy) (Aldrich, 97%) were used s p| Ge| 5,m Mixed-D and one PLGel &m 50A columns (see
received. - I Supporting Information for a complete description of the SEC data).
Synthesis: (a) Polystyrene Macroinitiator.Benzene (300 mL) Polystyrene samples were run using a Knauer K-501 HPLC pump,
was added to a flame-dried flask equipped with glass stir bar, ;' naer K-2301 RI detector, in THF at 1.0 mL/min flow rate.
nitrogen inlet/outlet, and Teflon stopcock. Addition of reagents was Diblock copolymers were run using a Hewlitt Packard (HP) series

done under a positive nitrogen floveecButyllithium solution ; :
X . - 1050 HPLC pump and a HP series 1047A RI detector in DMF
(actual 1.2 M, 0.75 mL) was added via syringe to the stirring (0.01 M LiCl) at 0.5 mL/min flow rate.

solution. Styrene (20.0 mL) was added via syringe to the reaction o ) o
flask that was cooled in an ice bath due to exothermic initiation.  Thin Film and Bulk Sample Microphase Characterization.

After 10 min the ice bath was removed to prevent benzene freezing.Bulk samples were prepared by drop casting from 5% DMF
The reaction flask was sealed, and the reaction was allowed toSolutions onto a Kapton film and heating on a hot plate at (20
proceed fo 3 h atroom temperature. Ethylene oxide was bubbled for several minutes. The film was removed from the hot plate and
through the reaction until the color associated with the living anion further dried in a vacuum oven overnight prior to the SAXS
vanished {5 min). [Caution: ethylene oxide isery toxid] The measurements. SAXS measurements were done under vacuum using
reaction flask was then sealed and stirred overnigtt6( h). An an Osmic MaxFlux X-ray (Cu K, 1.54 A) source with a Molecular
excess of 2-bromoisobutyryl bromide (1.6 mL) was added to the Metrology, Inc., camera consisting of a three-pinhole collimation
reaction flask, and the polymer was precipitated in methanol and system, 150 cm sample-to-detector distance (calibrated using silver
dried under vacuum overnight. The macroinitiator was characterized behenate), and a 2-dimensional, multiwire proportional detector
by SEC in THF withM,, = 2.1 x 1%, M, = 2.0 x 10%, and a PDI (Molecular Metrology, Inc.).
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benzene, R.T. 2) 2-bromoisobutyryl [e)

bromide
3) acidic methanol
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N N
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Figure 2. Synthetic scheme for PSPAN polymers.
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Figure 3. Number-average molecular weight and polydispersity as a
function of conversion for the growth of the PAN block (see also
Supporting Information).
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Figure 4. Overlay of SAXS patterns for various RSPAN diblocks:
(a) SANa3d spacing= 14.2+ 0.2 nm; (b) SANb6d spacing= 13.1
+ 0.1 nm; (c) SANb3d spacing= 12.5+ 0.4 nm. Curves are offset
for clarity. Inset is sample of 2D SAXS scattering pattern. The range
of uncertainty in thed spacing values results from variations in the
curve fitting used to determine thiespacing.
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Thin films were spin-coated at 106@000 rpm from either 1%
or 5% w/w DMF, DMAc, or DMSO solutions onto silicon wafers

having a 200 nm silicon oxide layer. The wafer was heated using

a hot air gun just prior to spin-coating to facilitate the evaporation
of the solvent. An alternate method that proved to be equally

Macromolecules, Vol. 39, No. 5, 2006

effective was to pass a light stream of dry nitrogen over the wafer
during the spin-coating process. Sample thicknesses before stabi-
lization and pyrolysis ranged from 18 to 46 nm (depending on the
spinning speed) for the 1% solutions and00 nm for the 5%
solutions (3000 rpm), as was measured with a Filmetrics interfer-
ometer using a silicon oxide calibration wafer and also by scanning
force microscopy. TEM samples were prepared by floating the films
onto copper grids using 5% HF(aq) to dissolve the silicon oxide
layer. Unstabilized samples were stained with ruthenium tetraoxide
for 30 min. Stabilized and pyrolyzed samples had larger contrast
S0 no stain was needed. TEM was done using a JEOL2000FX
transmission electron microscope, with a tungsten filament, with
an accelerating voltage of 200 kV.

Carbonaceous Film Formation.Thin films of PSb-PAN were
heated at 250C under air fo 2 h on a hotplate, then cooled, and
placed into a TGA furnace. A TA Instruments Series 2050
thermogravimetric analyzer with a quartz furnace was used for thin
film pyrolysis. Films were pyrolyzed by heating at 20/min from
room temperature to 60CC and held at 600C for 10 min under
nitrogen. TEM preparation of these films was the same as above.

Results and Discussion

A series of low molecular weight{4000 g/mol total) diblock
copolymers were synthesized, using bromine-functionalized PS
to grow PAN by ATRP using a copper catalyst (see Figure 2).

Multiple reactions were done using the same starting PS-Br
(2.0 kg/mol), and aliquots were taken to monitor the growth of
the PAN for reaction times umt4 h and 62% conversion. The
kinetics data for the ATRP polymerization of the PAN block
are given in Figure 3, and a summary of conversion and
molecular weights for representative diblock copolymers is given
in Table 1.

The conversion was measured usthgNMR, by monitoring
the disappearance of the monomer peaks. The molecular weight
is shown to be linear as a function of conversion, one indication
of a controlled reaction, and typical for an ATRP polymerization.
The PDI increases as a function of conversion, possibly due to
deactivation of the copper catalyst by the DMF, as suggested
by Matyjaszewski et al.Even with this increase in PDI, the
diblock copolymers were shown to phase separate in bulk and
in thin films.

SAXS and TEM were used to study the microphase separation
behavior of the P®-PAN samples listed in Table 1. SAXS
was performed on three representative samples: SANbD3,

Figure 5. TEM images looking down through films of RSPAN (SANa3) (a) as cast from DMF then stained with Ra@d (b) stabilized at 250

°C. The stained sample shows PS as the dark regions, and the stabilized sample shows PAN as the dark regions. Large dark spots are from
contamination during the RuGtaining process. (a) and (b) are “zoomed in” regions of the underlying TEM images. Scate baram.
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Figure 6. Carbonaceous film formation using thin films of SANa2 cast from DMF (a) stabilized and pyrolyzed and (b) unstabilized and pyrolyzed.
(a) and (b) are “zoomed in” regions of the underlying TEM images. Scale=b&80 nm; inset scale bars 100 nm.

LN = by

Figure 7. Effect of different casting solvents on the morphology of the carbonaceous films. Thin films spin-coated using SANb5 from (a) DMAc
and (b) DMSO solutions, stabilized at 258G and then pyrolyzed at 60C. A similar DMF film is shown in Figure 6. Scale bar 100 nm.

SANa3, and SANb6. The scattering peak in SAXS vyields a tetraoxide was needed to selectively stain the PS dom&ins.
spacing ranging from 12.5 nm (for sample SANb3) to 14.2 nm However, after the PAN was stabilized (290 for 2 h inair),

(for sample SANa3). No preferred orientation or long-range the cyclization reaction of the nitrile groups, and initial
order of the microphase-separated domains was seen in the datdegradation of the PS domains, provided enough electron density
(see Figure 4). The SAXS data alone does not prove microphasecontrast to see the morphology clearly (see Figure 5).
separation, and TEM was needed to confirm microphase This stabilization step starts the intra- and intermolecular
separation. It is important to note that the samples used for thereactions that are needed to stabilize the structure prior to
TEM and SAXS studies were slightly different, with the pyrolysis. Without this initial stabilization step, the competition
exception of SANa3. The reason for using the different samples between chain scission and cyclization during the pyrolysis step
was due to the limited supply of SANb3 and SANb6. Conse- (at 600 C under nitrogen) would lead to the destruction of the
quently, diblock copolymers with similar volume fractions were thin film. This can be seen in Figure 6, where a thin film sample
chosen to complete the studies. TEM yielded reproducible results(~30 nm) of SANa2 (54% PAN) was broken into two pieces:
for the PSb-PAN polymers studied, and the values for the one-half was stabilized then pyrolyzed, and another half was
domain spacing agreed with the SAXS measurements. just pyrolyzed. The sample that was quickly heated to 8D0

The phase separation and pyrolysis behavior of thin films of shows gaping holes in the film and no preservation of the
three of the P$-PAN diblock copolymers were studied in  microphase-separated morphology. The stabilized, then pyro-
detail: SANa2 and SANDb5 (54% v/v PAN) and SANa3 (62% lyzed samples, however, show that the morphology remains,
viv PAN). Microphase separation occurs on th&0 nm size now in a carbonaceous form, and the sacrificial PS domains
scale due to the large value pfand low molecular weight. have been removed.

Stabilization of the Morphology. The microphase-separated Effect of Different Casting Solvents on Morphology.The
morphology in thin films of P$-PAN was monitored through-  solubility of PAN is a limiting factor in the number of solvents
out the stabilization process using TEM. There was not sufficient that can be used for casting thin films. Typical solvents that
electron density contrast to see the morphology in the unsta-can be used are DMF, DMSO, and DMAc. All three solvents
bilized (as cast) P®-PAN thin films (~30 nm), and ruthenium  have varying polarities and vapor pressures but, under the &%Q?
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Figure 8. Optical microscopy images of thicker films of SANa2 cast from DMF onto 200 nm SiO: (@) as cast, (b) stabilized°at 26@ h
under air, and (c) pyrolyzed at 60C under nitrogen. Image shows a distinct color change due to the change in film thickness and no cracking of
the films upon heating.

casting conditions, give similar results. Several films were spin- This is a promising method to obtain nanoporossl@ nm)
coated onto silicon wafers having a 200 nm layer of oxide, carbonaceous films using diblock copolymers that have strong
stabilized, and then pyrolyzed (see Figure 7). phase separation behavior.

For all the solvents used, the morphology does not appear to
orient in a preferred direction. Further studies need to be done Acknowledgment. Funding was provided by the National
to optimize the casting and stabilization conditions to afford an Science Foundation sponsored Materials Research Science and
ordered array of microphase-separated polymer domains withEngineering Center at the University of Massachusetts
preferred orientation either perpendicular or parallel to the Amherst.
substrate.

Thickness Changes upon Carbonaceous Film Formation. Supporting Information Available: Representative SEC data
The thin films that were studied all show the presence of a few and molecular weight trends. This material is available free of
“holes” or voids after stabilization and pyrolysis, as can be seen Charge via the Internet at http://pubs.acs.org.
in the TEM images (see Figures 6 and 7). While some of these
holes can be attributed to the removal of the PS sacrificial block,
larger holes are more likely due to volume contraction of the (1) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990.
film after stabilization and pyrolysis. Studies on the pyrolysis @ &iﬁgglsgzgeg"%kz" e}s(zi;sg/lusigés; Paik, H. J.; Shipp, D. Macromol-
of PAN to create carbon films and fibers have shown tha®% (3) Henrici-Olive, G.; Olive, SAdv. Polym. Sci1983 51, 1—60.
of the polymer weight is lost during the carbonization process, (4) Kowalewski, T.; Tsarevsky, N. V.; Matyjaszewski, &. Am. Chem.

_thi ioh i ; it iz ati S0c.2002 124, 10632-10633.
two-thirds of which is lost during the initial stabilization (5) Kowalewski. T.: McCullough. R. D.: Matyjaszewski, Fur. Phys.
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