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Poly(ethylene oxide}polyacrylonitrile (PEOb-PAN) diblock copolymers were synthesized and used
as supramolecular templates for mesoporous silicas and precursors for mesoporous carbons. The copolymers
were prepared from poly(ethylene oxide) homopolymers through chain extension with polyacrylonitrile
(PAN) via atom transfer radical polymerization and had a low polydispersity ingdéxl), a degree of
polymerization of PAN from 16 to 208, and a PAN content of-2Z0 wt %. The copolymers were used
as supramolecular templates for the formation of silica from tetraethyl orthosilicate in aqueous HCI solution.
The obtained silica/PE®-PAN composites were calcined to obtain mesoporous silicas or heat-treated
to convert PAN into carbon, the latter being isolated through the dissolution of silica. The silicas had
specific surface areas of550 n? g1, total pore volumes of 0-61.2 cn® g%, and uniform mesopores
of diameter~10 nm, which appeared to be cylindrical with short-range ordering. The carbons had broad
pore size distributions, yet some of them exhibited a certain degree of nanoscale ordering. Their surface
areas were-900 n? g%, and the total pore volumes were 8.8.9 cnt g~*. The carbons exhibited some
degree of ordering of graphene sheets in their frameworks. A clear similarity between the silica pore
shape and the carbon nanostructure shape was observed for samples from the sifdd/EdOmposite.

Introduction

Mesoporous carbons, that is, carbons with pores of

inorganic nanostructuré$:?” An additional range of pro-
spective applications, including those in photovoltaic cells,

can now be pursued with the development of methods for
the synthesis of nanoporous carbons in thin film f&riH2°
The synthesis of mesoporous carbons through inverse

diameter in the range from 2 to 50 nm, have recently attracted
a lot of attentiort 1! The interest in the mesoporous carbons
largely stems from their prospective applications as adsor-

bents for large molecules and biomolecul&s? catalyst
supports® components of electrochemical double-layer
capacitor$;1619 fuel cell$?° and Li-ion batterieg! chro-
matographic packing®;and templates for the synthesis of
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replication of mesoporous silica templafdsas been actively
pursued over the last several yetr&s!816:3+36 ggpecially

after the successful synthesis of ordered mesoporous carbons

(OMCs)? using ordered mesoporous silica (ONSF
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templates. This strategy typically involves (i) the synthesis In the case of organic sacrificial blocks, which are volatilized
of the silica template, (ii) its infiltration with the carbon before the completion of the carbonization of the carbon
precursor (or carbon), and (iii) carbonization of the precursor precursor blocks, the surface morphology of carbon precursor
(if needed), followed by the removal of the silica template. domains was typically preserved upon conversion to car-

The silica templates are often prepared using organic bon??#?However, for thin films, this preservation may be

molecules as supramolecular templ&fe€so attempts were
made to directly convert these soft templates to caféh,
thus eliminating the need for the removal of the organic
template and subsequent infiltration of the silica framework

at least partially facilitated by the presence of the underlying
surface, and upon lifting off the surface, the films can
undergo a structural rearrangemé&hiConsequently, the

conversion of these copolymers to nanoporous carbon

with the carbon precursor. In particular, nanostructured silicas particles, monoliths, or thick films with preservation of the

with cyclodextrin templates were directly converted to
disordered microporous carbo#sand OMSs templated by
poly(ethylene oxide) poly(propylene oxide)poly(ethylene
oxide) triblock copolymers were used to prepare OMCTs.
The possibility of the synthesis of OMCs via templating of
polymeric precursors (resorcinelormaldehyde resin) with
block copolymers was also recently demonstratgd.

original morphology is a challenging task. In fact, the
conversion of the bulk block copolymers into nanoporous
materials is one of the present challenges in polymer
science® To overcome this difficulty, we have designed a
new system in which the sacrificial block of the copolymer
is water-soluble and the copolymer is co-assembled with
silica species, which leads to the formation of the thermally

We recently showed that carbon nanoobjects and nano-stable siliceous phase. Thus formed silica acts as a scaffold

structured films can be synthesized directly from phase- supporting the formation of the carbon phase during the
separated block copolymeis?*?43In such copolymers, one  pyrolysis and is subsequently etched away, leaving behind
block (e.g., polyacrylonitrile, PAN) serves as a carbon the mesoporous carbon. This mesoporous carbon synthesis
precursor, whereas the other block (e.g., poly(butyl acrylate), strategy can be regarded as a combination of the synthesis
PBA), which is immiscible with the first one, induces self- of carbons from phase-separated block copolyfiarsd the
assembly of the block copolymer into a variety of nano- synthesis of mesoporous carbons through inverse replication
structures and is sacrificed upon pyroly¥4? It should be of mesoporous silica templat&sOur approach resembles
noted that PAN, which is the preferred carbon source in this the recently reported method for the synthesis of carbons

strategy, is known as an excellent carbon precursor for thefrom silica/poly(ethylene oxide)poly(propylene oxide)

carbon fiber synthesiéand also was recently used by us
and others in the synthesis of OME&# and disordered
mesoporous carbofur block-copolymer-based approach
was successfully demonstrated by converting RBRAN
diblock copolymers to thin carbon films consisting of isolated
carbon protrusiorf8and long-range-ordered lamell#eThe
required PBAb-PAN copolymers can be synthesized using
a variety of controlled radical polymerization methddé4”
including atom transfer radical polymerization (ATRP¥?
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poly(ethylene oxide) (EGPOEQ,,) composites? which does
not involve the use of designed copolymers.

The synthesis of well-defined poly(ethylene oxige)
polyacrylonitrile (PEOb-PAN) block copolymers was ac-
complished using ATREE49.5756 The PEOb-PAN copoly-
mers were used as templates for mesoporous silicas and as
precursors for mesoporous carbons (see Scheme 1). The
diblock copolymers were designed to feature (i) hydrophilic
PEO blocks, which can favorably interact with silica species,
and (ii) hydrophobic PAN blocks that are suitable for
templating the mesoporosity in silica nanostructures and can
be converted into carbon through a suitable thermal treat-
ment. The development of methods for the controlled
polymerization of PAN via ATRP5758provided a conve-
nient and robust avenue for the synthesis of well-defined
PAN-containing precursors. As a first step, we demonstrated
that these new PEG-PAN copolymers can indeed be used
to synthesize silicas with short-range-ordered uniform
mesopores. More importantly, the synthesis of mesoporous
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Scheme 1. Approach for the Synthesis of Nanostructured Silica/Carbon Composites, Nanoporous Silicas, and Carbons on the
Basis of the Supramolecular Templating of Silicas with PECB-PAN Copolymers
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clear solution. Subsequently, water {120 mL) was slowly added.

cessful, although the latter exhibited broader pore size The resulting solution was placed in a dialysis bag and dialyzed
distributions (PSDs) and a lower degree of structural order- against water for several hours to remove DMF. After the dialysis,

ing.

Experimental Section

Reagents. CuCl was purified according to the procedure
described by Keller and Wycoff. Acrylonitrile (AN), which was
purchased from Aldrich, was distilled over calcium hydride before
use. Monohydroxy-terminated PE®I{= 2000 and 5000 g mo}),
2-bromoisobutyric acid, dicyclohexylcarbodiimide (DCC),MHN-
dimethylamino)pyridine (4-DMAP), 2;Aipyridyl (bpy), N,N-
dimethylformamide (DMF), dichloromethane, and diethyl ether

the solution of the copolymer in water was added to an aqueous
solution of HCI, whose concentration was such that the resulting
copolymer solution had an HCI concentratidr?2dM and a volume

of 120 mL. Two other ways to prepare the copolymer solution were
also employed. One of them was the addition of PEBAN to

an aqueosi 2 M HCI solution (0.5 g of copolymer per 120 mL of

2 M HCI), but even after 2 days of stirring at room temperature,
the copolymer was not fully dissolved (except for the /880N
copolymer). The other way was the dissolution of the copolymer
in DMF and slow addition ©2 M HCI solution. After the solution

of PEOb-PAN in aqueous HCI had been prepared via one of these

were used as received from Aldrich. Tetraethyl orthosilicate (TEOS) three ways, TEOS was added under vigorous stirring. The molar
was acquired from Fluka, and hydrochloric acid was purchased from ratio of TEOS to EO units of the copolymer was 1 to 0.6 (for

Fisher Scientific.
Materials. PEO functionalized at one end with the 2-bro-

instance, 1 mol TEOS per 0.0133 mol of E8N,43 copolymer,
which corresponds to 1.78 g (1.91 mL) TEOS per 0.5 g of&=O

moisobutyrate (BIiB) group was prepared via a reaction of mono- an,,). The mixture was stirred at room temperature for 24 h in a
hydroxy-terminated PEO with 2-bromoisobutyric acid, as described |gsed round-bottom flask and then heated at 368 K for 2 days in

elsewheré?® The chain extension of the functionalized PEO with
PAN was carried out as illustrated below. In a typical polymeri-
zation of AN, which yielded E@QAN-; copolymer 1 g of BiB-
functionalized PEO (obtained from PEO with, = 2000 g mot?,
0.5 mmol) and 31.2 mg of bpy (0.2 mmol) were dissolved in 10
mL of deoxygenated AN (0.15 mmol) and 20 mL of deoxygenated
DMF. 9.9 mg of CuCl (0.1 mmol) was then added under nitrogen
flow, and the reaction mixture was heated at 328 K for 27 h. The
reaction mixture was then diluted with DMF, the catalyst was
removed by passing the mixture through a neutral alumina column
the solvent was evaporated, and the PEBAN copolymer was
dried under vacuum until constant weight was reached.

In a typical synthesis of a silica/PE®PAN composite, 0.5 g
of the copolymer was dissolved inr-3 mL of DMF to obtain a

(59) Keller, R. N.; Wycoff, H. D.Inorg. Synth.1946 2, 1.
(60) Tsarevsky, N. V.; Sarbu, T.; Goebelt, B.; MatyjaszewskiMg&cro-
molecules2002 35, 6142.

a flask with a reflux condenser attached to it to avoid the loss of
water during the heating. Subsequently, the solid product (silica/
PEOb-PAN composite) was filtered on a Buchner funnel, washed
with deionized water, and dried. To obtain nanoporous silica, the
silica/PEOb-PAN composite was calcined under air at 873 K for
3 h using a heating ratef 8 K min—%. To convert the silica/PEO-
b-PAN composite into a silica/carbon composite, PAN was first
stabilized by heating under air to 573 K with a heating rate of 2 K
min—1.44 After reaching 573 K, the air was switched to nitrogen,

"and after 1 h, the heating was continued at a ré & min—! to

reach 1073 K; this temperature was maintained for 3 h. The carbon
was isolated from the silica matrix through dissolution in 3 M
aqueous NaOH solution at 348 K for 1 day. The alkaline solution
was changed four times during the dissolution. Finally, the carbon
sample was washed with water and dried. In some cases, the carbon
and silica materials will be denoted C and $i®ut one should
keep in mind that carbons from PAN carbonized at 1073 K contain
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Table 1. PEOb-PAN Block Copolymerst

PEO composition of reaction mixture conditions wt % composition
macroinitiator AN:EOBiB:CuCl:bpy (temp, time) PAN (NMR) PDI
EOss—BiB 150:1:0.2:0.4 328K, 2h 34 ELAN 2o 1.13
EOs5—BiB 150:1:0.2:0.4 328K,4.3h 43 EGAN3g 1.08
EOs5—BiB 200:1:0.2:0.4 328K, 6h 52 EAN43 1.08
EOss—BiB 300:1:0.2:0.4 328K,85h 56 E@ANs; 1.08
EOs5—BiB 300:1:0.2:0.4 328K, 27h 66 EGAN77 1.12
EO115-BIiB 300:1:0.2:0.4 328K,20h 20 E@AN24 1.17
EO115-BiB 600:1:0.2:0.4 318K, 2d 48 E@ANg7 1.14
EO115-BiB 1000:1:0.2:0.4 328K, 7d 68 E@AN 208 1.14

aNotation: EQ\BiB, EO, functionalized with BiB group (macroinitiator); PDI, polydispersity of the copolymer; time: h, hours; d, days.

a significant amount of nitrogéhand that silica is a hydroxylated ~ a methoxy group at one end and with a hydroxyl group at

silicon dioxide. the other end was reacted with 2-bromoisobutyric acid in
Measurements. The conversion of the AN monomer was the presence of DCC and 4-DMAP to introduce the ATRP

measured using a Shimadzu GC14-A gas chromatograph with anjnitiator group (BiB) at one end of the PEO chain. The

flame ionization detector equipped with a J&W scientific 30m DB completion of the esterification reaction was evident from

WAX Megabore column. Molecular weights were measured on a “ : .

GPC system consisting of a Waters 510 HPLC pump, three Waters H NMR n dlmethylsquOX|de_ (DMSO)s, which showed

the disappearance of the signal of the proton from the

Ultrastyragel columns (50, #0and 16 nm) and a Waters DRI
detector, using DMF as the eluent with a flow rate of 1.0 mLThin hydroxyl endgroup (4.56 ppm). Subsequently, ATRP of AN

Polystyrene standards were used for the molecular weight calibra-Was carried out using a copper(l) complex with bpy as a
tion. The composition of block copolymers was determined on the catalyst and DMF as a solvent, to obtain the PE©AN

basis of'H NMR spectra recorded on a Bruker spectrometer (300 block copolymer. To improve the blocking efficiency through
MHz). Weight change curves were recorded under air on a TA the increase of the polymerization initiation rate with respect
Instruments TGA 2950 thermogravimetric analyzer in a high- to the propagation rate, the halogen exchange method was
resolution mode with a maximum heating rate of 5 or 10 KThin  employed, which involves the use of the bromine-terminated
Nitrogen adsorption measurements at 77 K were performed on macro)initiator and copper(l) chloride as a component of
ASAP 2010 volumetric adsorption analyzers (Micromeritics, Nor- the catalyst comple%. The reaction conditions, compositions,
cross, GA). Before adsorption measurements, the samples were, polydispersity of the PEG-PAN block copolymers are
outgassed under vacuum at 473 K for 2 h. Small-angle X-ray |, 4o 1T aple 1. The composition was determined uskhg

scattering (SAXS) data were collected at CHESS D station at the . & by i . f th K d
synchrotron radiation source at Cornell University. Powder X-ray NMR in DMSO-ds, by integration of the peaks around 3.5

diffraction (XRD) patterns were measured at wide angles on a PPM (protons of the-O—CH,— group in PEO) and around
Rigaku Geigerflex diffractometer using Cuadiation. Transmis- 2.1 ppm (protons of the-CH,— group of the PAN main
sion electron microscopy (TEM) images were recorded on a JEOL chain). Diblock copolymers with low polydispersities (below
200EX instrument operated at 200 kV. For TEM imaging, samples 1.20) were obtained. When an expression reported by Fukuda
were dispersed in ethanol and deposited on carbon-coated coppewas used? the polydispersity of the PAN block was
grids. estimated to be 1:21.4 for most of the PE®-PAN
Calculations. The specific surface area was calculated from copolymers, although the polydispersity of PAN was much
nitrogen adsorption data in the relative pressure range from 0.04 higher for copolymers with low PAN content (20 and 34 wt
to 0.2 using the BET methdd.The tote_ll pore volume was estimated %). As expected, the degree of polymerization of the PAN
from the amount adsorbed at a relative pressure of @.98e PSD block increased with time of polymerization, which allowed

was calculated from adsorption branches of isotherms using the . . . .
Barrett-Joyner-Halenda algorithn§? the corrected form of the us to Ot_)tam PE(-PAN copolymers with different relative
proportions of the blocks.

Kelvin equation (calibrated for siliceous cylindrical pores of . - _ _
diameter from 2 to 6.5 nnf and the calibrated statistical film Synthesis of Silica/PEOb-PAN Composites.Preparing

thickness curve for silica:54 silica/PEOb-PAN composites was first attempted following
a procedure typically used to synthesize copolymer-templated
Results and Discussion silicas®865Namely, PEOb-PAN copolymers was dispersed

in a 2 M HCI solution under stirring, and later the silica
source (TEOS) was added. The resulting mixture was stirred
at room temperature for 1 day and subsequently heated at
~90 °C, typically for 2 days. As inferred from TGA, the

Synthesis of PEOb-PAN Block Copolymers.The method
for the synthesis of PE®-PAN block copolymers is shown
in Scheme 1 and is similar to that used by others in the
preparation of PEO-containing diblock copolymer templates
for the nanoporous silica synthe$&is® PEO terminated with
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R. A.; Rouquerol, J.; Siemieniewska, Fure Appl. Chem1985 57, J.; Zhang, Y. M.; Gruner, S. M.; Spiess, H. W.; WiesnerMacromol.
603. Chem. Phys2004 205 1021.
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73, 373. Gruner, S. M.; Fetters, L. J.; Coates, G. W.; WiesnerMacromol.
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(64) Jaroniec, M.; Kruk, M.; Olivier, J. ALangmuir1999 15, 5410. (69) Matyjaszewski, K.; Shipp, D. A.; Wang, J.-L.; Grimaud, T.; Patten,
(65) Chan, Y.-T.; Lin, H.-P.; Mou, C.-Y; Liu, S.-TChem. Commur2002 T. E. Macromolecules998 31, 6836.
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Figure 1. Weight change pattern recorded under air for silica/A® 43 Figure 2. XRD patterns recorded for the B§\N 43 copolymer and silica/

composite synthesized using the method wherein the copolymer micellar EO4sAN43 composite.
solution was prepared with the aid of dialysis.

silica. The partial crystallinity of PAN and PEO domains in
the bulk copolymer provides a strong indication of nanoscale
phase separation between PAN and PEO. After the formation
of the silica/EQsAN43 composite, only a peak at17°
persisted, which indicates that PAN still exhibited some
crystallinity, while PEO did not form crystalline domains.
Earlier studies of silicas templated with copolymers with
PEO blocks and hydrophobic blocks (poly(propylene oxide)
or polyisoprene) showed that PEO was occluded in the silica
matrix./+"°Thus, it was expected that PEO blocks of PEO-
b-PAN copolymers in silica/PE®-PAN composites would
be occluded in the silica framework, whereas the PAN blocks
would form separate domains. The lack of detectable
"crystallinity of the PEO domains and some degree of
crystallinity of the PAN domains in the silica/PE®PAN
composite are consistent with this expectation. The intensity
of the PAN peak at-17° in the silica/PEC3-PAN composite
was much lower than that in the bulk copolymer, which
suggests that the crystallinity of the PAN block in the silica/
PEOb-PAN composite was lower than that in the bulk PEO-
b-PAN copolymer. Perhaps the occlusion of PEO blocks in
the silica framework disrupts to some extent the packing of
PAN blocks, which are covalently linked to PEO.

Silicas Obtained from Silica/PEOb-PAN Composites.

obtained precipitate had a silica/PEXRAN ratio similar

to that expected on the basis of the composition of the
reaction mixture (illustrative TGA data for a silica/PHD-
PAN composite are shown in Figure 1). The calcination
under air afforded silicas with mesopores of diametet0

nm, but PSDs were not particularly narrow. Moreover, the
increase in the PAN block length for B&\N, copolymers
from n = 20 ton = 51 did not lead to the increase in the
pore diameter, which is in contrast with a typical templating
behavior of block copolymers, where the increase in the
hydrophobic block length results in the increase in pore
diameter of templated silicd$In the case of this synthesis
procedure, even after 2 days of stirring at room temperature
the PEOb-PAN block copolymers did not fully dissolve,
except for EQsAN, with the shortest PAN block. It was
expected that the lack of the homogeneity of the polymer
solution might be the reason for the broadening of PSD for
silicas and inability to control the pore diameter through the
change in the hydrophobic block (PAN) length. Therefore,
two other ways were employed, which allowed us to prepare
homogeneous solutions of PE&PAN copolymers. The
starting point of both of them was the dissolution of the
copolymer in DMF, which is a good solvent for PAN. In

one case, this step was followed by a gradual addition of -
water and/or an aqueous solution of HCI. Although this Silicas templated by E{ANzo, EOiAN4s, and EQsANs;

procedure did not improve the pore size uniformity of the COPOlymers were analyzed by SAXS. The SAXS pattern for
silicas, it was beneficial for the synthesis of carbon through e silica templated with E£AN3, copolymer (Figure 3)
the stabilization and carbonization of PAN blocks (as featured a strong peak, whose position corresponded to the

discussed later). In another procedure, the dissolution of theltérplanar spacing of 12.6 nm. In addition, a weaker peak
copolymer in DMF was followed by the addition of water (INtérplanar spacing of~6.3 nm) was also observed.
and dialysis against water to remove DMF, followed by the Likewise, the SAXS pattern for silica templated with kO
addition of HCI solution. This approach afforded silicas with ANs: copolymer exhibited peaks whose positions  cor-

the most uniform mesopore sizes, and the samples prepared€SPonded to the interplanar spacings of 11.4 and 5.6 nm.
this way will be discussed herein, unless otherwise noted. 1 € SAXS pattern for the silica templated with B8N

The XRD pattern for the bulk EAN4; copolymer copolymer featured a shoulder, whose position corresponded

(Figure 2) featured three narrow peaks @tahgles of 17.1, [ the interplanar spacing of12 nm. A representative TEM
19.3, and 23.5 whereas the pattern for the silica/l®N 3 image f_or _the S'I'Ca_‘ Ot?ta'”ed from the SIEO‘_‘5AN43
featured a peak at 17.2which emerged from a broad peak composite is shown in Figure 4 (top). The material appears
centered at~23°. The peaks at 19.3 and 23.&re due to

the partially crystalline structure of PE@whereas the peak ~ (72) Peleshanko, 5., Jeong, J.; Shevehenko, V. V. Genson, e'éz'o'aapik“s'
at 17.2 is due to the partially crystalline structure of PAN. 37, 7497. o o

The broad peak at23 is likely to arise from amorphous ~ (73) Hobson, R. J.; Windle, A. HPolymer1993 34, 3582.
(74) Melosh, N. A.; Lipic, P.; Bates, F. S.; Wudl, F.; Stucky, G. D.;
Fredrickson, G. H.; Chmelka, B. Macromoleculed999 32, 4332.
(71) Tattershall, C. E.; Aslam, S. J.; Budd, P. 84.Mater. Chem2002 (75) de Paul, S. M.; Zwanziger, J. W.; Ulrich, R.; Wiesner, U.; Spiess, H.
12, 2286. W. J. Am. Chem. S0d.999 121, 5727.




1422 Chem. Mater., Vol. 18, No. 6, 2006
N S0, Eom
N\ & —--- SIO, (EOAN,,)
A .......... Si0, (EO,sAN;,)
TNy T

02 04 06 08 10 12 14

q (nm™)
Figure 3. SAXS patterns for silicas templated by PBEARAN copolymers.

Figure 4. TEM image of silica (top) and carbon (bottom) obtained from
the SIQ/EO4sAN43 cOmposite.
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Figure 5. Nitrogen adsorption isotherms for mesoporous silica and carbon
obtained from the SI@EO45AN43 composite.

to consist of a large number of relatively small domains of
short mesopores (most likely cylindrical) of uniform diam-

eter, arranged parallel to one another. Similar structural
features, although somewhat less clear, were observed fo

the silica obtained from the SYEO,sANs; composite. For
the silica templated by E2AN3, copolymer, the preliminary

examination of TEM images also indicated some extent of

local structural ordering (see Supporting Information, Figure
S1). Nitrogen adsorption isotherms for all these silicas

exhibited rather sharp capillary condensation steps at relative

pressures 0f0.80 (see Figure 5 and Supporting Information,
Figure S2). Consequently, PSDs were narrow and centere
at~10 nm (see Table 2, Figure 6, and Supporting Informa-
tion, Figure S3). On the basis of TEM and PSD data, the

lack of any pronounced peaks on the SAXS pattern for the
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Figure 6. PSDs for mesoporous silica and carbon obtained from the/ SiO
EO45AN43 composite.
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Table 2. Structural Properties of Mesoporous Silicas and Carbons
Determined from N, Adsorption Data

BET specific  total pore mesopore
surface area volume diameter
sample (m2g™ (cmg) (nm)

SiO, (EO45AN 30) 540 0.63 10.4

SiO, (EO45AN43) 580 0.85 10.5

SiO; (EO45AN1) 600 1.16 9.7

C (EQ45AN30) 900 0.86 ~6 (broad PSD)

C (EO45AN43) 900 191 (broad PSD)

C (EO45ANS) 850 1.61 (broad PSD)

silica templated by E@AN4; copolymer appears to arise
from the small size of ordered domains with uniform
mesopores. As seen from the width of the hysteresis loops
on the adsorption isotherms (Supporting Information, Figure
S2)76 the mesopores of silicas templated by &N 3, and
some samples templated by 8N 3 exhibited constric-
tions. The silicas had the BET specific surface areas 0f540
600 n? g~! and the total pore volumes of 6-8.2 cn? g~*

(see Table 2).

In the case of the synthesis of OMSs using,POLEO,
and poly(ethylene oxide)poly(butylene oxide)-poly-
(ethylene oxide) (EEBOLEQO) copolymers as templates, the
pore diameter of silica can be increased by heating the
synthesis mixture with preformed silica/copolymer composite
obtained at low temperature (e.g., room temperature) to a
higher temperature (e.g~373 K)3876 The pore diameter
also increases as the heating is prolon§éél The same
behavior was observed for silicas templated by RERPAN
copolymers. For instance, silica synthesized at room tem-
perature using E£AN, copolymer as a template had a pore
diameter of 6 nm, which was enlarged to 8 and 12 nm, in
cases where the reaction mixture was additionally heated at
368 K for 6 h and 2 days, respectively (see Supporting
Information, Figures S4 and S5). It should be noted that the
above synthesis involved the direct dissolution of the
copolymer h 2 M HCI (EOQ;sAN 0 fully dissolved under these
conditions), but a similar sequence of pore size changes upon
heating of the reaction mixture was also observed for samples

templated by other copolymers, which were initially dis-

solved in DMF, with subsequent addition of water and
removal of DMF via dialysis. It is clear that, for particular

JDEOb—PAN templates, the silica pore diameter can be

(76) Matos, J. R.; Kruk, M.; Mercuri, L. P.; Jaroniec, M.; Zhao, L.;
Kamiyama, T.; Terasaki, O.; Pinnavaia, T. J.; Liu, X¥.Am. Chem.
So0c.2003 125 821.
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adjusted through the hydrothermal treatment. This pore sizethree-dimensional connectivity between some of its parts).
tailoring opportunity was explained as an effect of weakening Nonetheless, this carbon exhibited a very high adsorption
of interactions between the PEO blocks and the silica ascapacity (see Figure 5; the total pore volume was 1.91 cm
temperature is increased, which causes the increase in thg™1) and quite high specific surface area of 900gn®. The
hydrophobic domain volume and, thus, the pore diameterisolated carbon was largely free from the silica residue (3
enlargement®”” An additional possible factor may be the wt % by TGA).

reduction of Shrinkage upon calcination for Samples Synthe- A Mesoporous carbon was prepared in the same way from
sized at higher temperatures or with longer heating times atthe silica/EQsAN3, composite. TEM images of one of the
particular temperatures. These are universal factors contribut-areas of this carbon indicated an appreciable degree of local
ing to the pore size enlargement for silicas synthesized atordering (see Supporting Information, Figure S6), but other
different temperatures using block copolymer templates with greas did not seem to be ordered, thus suggesting that the
PEO blocks. On the other hand, the control of the pore ordered structure was a minority phase in this sample. The
diameter of silicas templated by PEEPAN copolymers by short-range ordering observed in the corresponding silica
changing the length of the PAN block still remains elusive. sample suggests that the remaining part of considered carbon
The lack of any significant dependence of the pore diameter structure collapsed during the silica removal. Anyway, the
on the length of the hydrophobic PAN block of the formation of an ordered carbon structure suggests that the
copolymer template may arise from strong interactions synthesis of OMCs from silica/PEBPAN composites is
between PAN blocks, as seen from the tendency of PAN to feasible, although it may require a careful selection of the
crystallize. It can be envisioned that the size of PAN domains copolymer and synthesis conditions. The carbon from the
may correspond to the smallest domain size for which the sjlica/EQ,sAN 3, composite exhibited a specific surface area
crystallization of PAN blocks would be favorable and, thus, of 900 n? g2, the total pore volume of 0.86 ¢y 2, and a
may not depend on the PAN block length. In other words, proad PSD centered at 6 nm (see Supporting Information,
the tendency of PAN to CryStaIIize would lead to formation Figure 83) A mesoporous carbon obtained from the silica/
of micelles with nonequilibrium structures, and their re- EQ,sANs; composite exhibited a nitrogen adsorption iso-
arrangement to micellar structures whose dimensions wouldtherm similar to that of the carbon from the SIDO,sAN 43

be dictated by the length of the hydrophobic block, as it is composite (see Supporting Information, Figure S2). Its total
observed for other block copolymer templates, would be pore volume was 1.61 chy 2, and the specific surface area
hindered. was 850 Mg L.

Carbons Isolated from Silica/Carbon Composites.n A mesoporous carbon was also obtained in a similar way
the case of carbon from the SIBO:sAN4; composite, TEM 4 the EQ;,AN 05 copolymer. Its total pore volume was

imaging revealed a quite well-defined, although weakly as high as 2.84 chg*, and the BET specific surface area
ordered, structure. The sample appeared to consist of shor(Nas 930 i g* (see adsorption isotherm in Supporting
rods, which were locally aligned parallel to one another and |t mation. Figure S7). The carbon had a PSD with distinct
whose diameter and arrangement were similar to those Ofpeaks at about 6 and 40 nm (see Supporting Information

the mesopores in the corresponding silica (see F_igure 4)'Figure S8). As seen from TEM, this carbon had a very open
Because of the fact that PEO blocks do not carbonize undergyq cyre. “which is consistent with adsorption results that
the conditions employed in the present carbon synthesis

_ . ~>indicated the porosity of 85% (that is, the structure with
these results show that the uniform mesopores in the silica.,hon framework occupying just 15% of the volume of

were templated by PAN domains, which were then converted yaserja), the rest being void space). The TEM image featured
to carbon. It should be noted that PAN, which is @ n merous stripes of constant thickness arranged in a disor-
hydrophobic blqck in the PE@'PAN_ copolymer, is ex- dered way. Thus, the carbon structure appeared to be
pected to constitute cores of the micelles of PEGAN composed of rods arranged in a disordered manner, but
copolymer in water. The observed alignment of separate gim;jar striped features on TEM images might also have been
carbon rods suggests some extent of connectivity betweeny oq,ced by side views of lamellar structures, so a definite

the rods and, thus, between the pores of the silica. It would jyengification of the structure of this carbon would require
be interesting to clarify this point in the future, either by ¢ ther studies.

closer inspection of TEM images or by additional studies.
These TEM data confirm our expectations that silica/PEO
PAN composites can be converted to silica/carbon compos-
ites, in which silica a_md car_bon are inverse re.pllcas of one XRD data were acquired (see Figure 7). A pronounced peak
another, and that this relation can be maintained after the o N . :

. . . at ~25° 20, as well as a peak at44°, and an increase in
removal of either carbon or silica. However, in the case of . . . .

. . intensity at 80 were observed. The main peak aR5°,

the carbon from the silica/EAN« composite, the broad- which corresponds to the interplanar spacing-@ 36 nm
ness of the PSD (Figure 6) and the featureless appearanc b b P ’ '

e : o
an be identified as a (002) peak, whereas the pealdét

of the SAXS pattern suggest that there was some degree of o

collapse of the structure upon the silica removal (which may can be regarded as a (101) or (100) peak of a graphitic carbon

tructure®® The broad feature at80° coincides with the
be caused by the weakness of the structure or the lack Or(';llO) reflection of graphite. The widths of (002) peaks for

(77) Kruk, M. Jaroniec, M. Ko, C. H.; Ryoo, REhem. Mater200Q 12 the present carbons were slightly smaller than those for
1961. OMCs from PAN, which were reported earli#r.The

To investigate the extent of graphitic ordering in the
carbons derived from the composites of silica with ,&£0
AN3o, EOssAN43, and EQsANs; copolymers, wide-angle
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solution, and finally (iii) adding TEOS. The carbons had
specific surface areas of750 nt g%, total pore volumes
of ~0.75 cn® g 1, and PSDs with maxima at4.5 nm (see
adsorption isotherms and PSDs in Supporting Information
Figures S9 and S10). Similar structures were obtained, when
different carbonization conditions were employed (including
101 or 100 heating under nitrogen to 1073 K, as well as heating under
air to 493 or 573 K to stabilize PAN, and subsequently under
nitrogen to 1073 or 1173 K). This synthesis procedure gave
10 20 30 40 50 60 70 80 80 a high yield of carbon from PAN and also was found to be
26 (degree) quite well repr_odumble (as ve_r|f|ed using EBNg; block_ _
Figure 7. Powder XRD pattern for the carbon obtained from thes£0 capolymer, which was synthesized under the same conditions
AN .3 copolymer. as EQsAN7)).

002

C (SI0,/EO,AN,,)

Intensity (counts/s)

Conclusions

ATRP opened an avenue to the synthesis of REPAN
block copolymers with narrow molecular weight distributions
via the extension of the PEO blocks with PAN, whose
content is controlled by selecting the polymerization time.
The obtained bulk PE®-PAN copolymers exhibit partial
crystallinity of both PEO and PAN domains, which suggests
C (SIO,/EO,AN,;) %+ the occurrence of nanoscale phase separation between PEO
, , , , and PAN. PEOhk-PAN copolymers can serve a dual role as
1200 1350 1500 1650 templates for the synthesis of nanoporous silicas and precur-
Wavelength (cm™) sors for the synthesis of nanostructured carbons. In particular,
Figure 8. Raman spectrum for the carbon obtained from the &S 43 these copolymers template silicas with narrow PSD centered
copolymer. at about 10 nm and with short-range structural ordering. The
, . ) pore diameter can be adjusted by controlling the synthesis
comparison of the present XRD data with the literature temperature and time. PAN domains of silica/PEGAN
datd® * for porous carbons prepared via heat treatment at ;o g osites can be converted to carbon via stabilization of
about 107_3 K (which was uged herein) leads to a conclusion PAN under air and carbonization under nitrogen. The
that atomic-scale ordering in the frameworks of the present
PAN-derived carbons is much better than that for carbons
from sucrose but not as good as for carbons derived from
acenaphtheri&or synthesized via chemical vapor deposition
using acetonitrile as the precur$éiThe Raman spectra for

Intensity (a.u.)

obtained carbons have surface areas-600 nt g~ and
pore volumes up to as high as 2.8%gT’. Some of these
carbons exhibit short-range ordering in their structures, but
they tend to have broad PSDs. The carbons derived from
! ; PAN blocks of PEQs-PAN copolymers exhibit some degree
th_e carbon; (Flgure 8) featured a broad G band (most likely ordering of graphene sheets in their frameworks. A strong
with a contribution from Dbandj*at~1600 cm*andaD  esemplance between the pore structure of the silica and the
band at~1350 cn™. The intensities of the G band (or more  famework structure of the carbon, both derived from a single
likely that of the combined G and'bands) were comparable  jjica/pPEG-PAN composite, indicates that PAN domains are

to the intensity of the D band. Because of the fact that the i arily responsible for templating of the uniformly sized
G band is related to the graphitic’sgarbon structures and mesopores of the silica.

the D band is related to defective graphitié spuctures$*86
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