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Block copolymer thin films have attracted significant
interest in nanofabrication as self-assembled templ&tas.
the glass transition temperatufg of one (or both) of the
block copolymer constituents is often above room temper-
ature, prolonged heating at high temperatures is often
required to perfect the order of the patterns. This slows down
the manufacturing process of block-copolymer-based mi-

crophase-separated platforms and enhances the chance of 1

introducing structural errors. Block copolymers with poly-
(ferrocenylsilane®) (PFS) blocks have been used by us, and
others, to fabricate nanoscale platforms in a variety of
applications, including nanoperiodic dots and pillars in Si
and SiN4,*® magnetic nanodotscore—shell micelles for
nanowires, and nanopatterned surfaces for catalytic growth
of carbon nanotubésPFS’$:1° owe many of their useful

and unique characteristics to the presence of ferrocene anc?l

alkylsilane units in the main chain. Their high resistance to
reactive ion etching, for example, allows pattern transfer into
Si or SgN4, as we showed for asymmetric block copolymers
composed of polyisoprene (B# or polystyrene (PSjand
poly(ferrocenyldimethylsilane) (PFDMS) blocks.

*To whom correspondence should be addressed. E-mail: g.j.vancso@
tnw.utwente.nl.
(1) (a) Hamley, I. WNanotechnolog2003 14, R39. (b) Park, C.; Yoon,
J.; Thomas, E. LPolymer2003 44, 6725.
(2) For general references on block copolymers see:Dé&glopments
in Block Copolymer Science and Technologhamley, I. W., Ed.;
Wiley: Chichester, 2004. (b) Hadjichristidis, N.; Pispas, S.; Floudas,
G. Block Copolymers: Synthetic Strategies, Physical Properties, and
Applications Wiley: Hoboken, 2003.
(3) For areview on poly(ferrocenylsilane)s see Kulbaba, K.; Manners, I.
Macromol. Rapid Commur2001, 22, 711.
(4) Lammertink, R. G. H.; Hempenius, M. A.; van den Enk, J. E.; Chan,
V. Z.-H.; Thomas, E. L.; Vancso, G. Adv. Mater. 200Q 12, 98.
(5) Cheng, J. Y.; Ross, C. A;; Thomas, E. L.; Smith, H. I.; Vancso, G. J.
Appl. Phys. Lett2002 81, 3657.
(6) Cheng, J. Y.; Ross, C. A.; Chan, V. Z.-H.; Thomas, E. L.; Lammertink,
R. G. H.; Vancso, G. JAdv. Mater. 2001, 13, 1174.
(7) (a) Cao, L.; Massey, J. A.; Winnik, M. A.; Manners, |.; RietHag
S.; Banhart, F.; Spatz, J. P.;"M&r, M. Adv. Funct. Mater.2003 13,
271. (b) Chan, W. Y.; Cheng, A. Y.; Clendenning, S. B.; Manners, I.
Macromol. Symp2004 209, 163.
(8) Hinderling, C.; Keles, Y.; Stkli, T.; Knapp, H. F.; de los Arcos, T.;
Oelhafen, P.; Korczagin, I.; Hempenius, M. A.; Vancso, G. J.; Pugin,
R.; Heinzelmann, HAdv. Mater. 2004 16, 876.
(9) Foucher, D. A.; Tang, B. Z.; Manners,J. Am. Chem. Sod.992
114, 6246.
(10) Rulkens, R.; Lough, A. J.; MannersJl. Am. Chem. S0d.994 116,
797.
(11) Lammertink, R. G. H.; Hempenius, M. A.; Vancso, GLangmuir
200Q 16, 6245.
(12) Lammertink, R. G. H.; Hempenius, M. A.; Vancso, G. J.; Shin, K.;
Rafailovich, M. H.; Sokolov, JMacromolecule001, 34, 942.

10.1021/cm047814p CCC: $30.25

1275

Endotherm

120 130 140 150

Temperature (°C)

0%
/E-/__—__/\—
| 6 %
/F—’—______/\__————

1%

s
23 %
e

T
130

Endotherm

T T T 1
100 110 120 140 150
Temperature (°C)

Figure 1. DSC heating scans of PFS copolymers (top) with increasing
amounts of EM: (A) PFDMS, (B) F 13(DMEMs), (C) F 16(DMsgEM12),

nd (D) F 15(DM7EMz3). DSC heating scans of BHPFS block copolymers
bottom) with increasing amounts of EM: (E) IF 58/22 [EMO0%], (F) IF
54/18(DMs4EMEe), (G) IF 52/20(DMigEM11), and (H) IF 56/21(DM7/EM23).

All samples were kept at 95C for 2 h, prior to heating.

PI-b-PFDMS thin films do not require annealing to obtain
regular, phase-separated patterns aslifseof the constitu-
ents are near room temperatdfé*Over longer periods of
time, however, PFDMS crystallizes at room temperature.
Hedrite-like structures form, destroying the microdomain
morphology}! To obtain stable, well-ordered nanostructures,
crystallization of the organometallic constituent must be
suppressed. Amorphous poly(ferrocenylsilane)s are in prin-
ciple obtained by polymerizing unsymmetrically substituted,
silicon-bridged ferrocenophané&sLiving anionic polymer-
ization, a method of choice for preparing well-defined PFS
homo- and block copolymef8 however, has led in the
case of the unsymmetrical ethylmethylsila[1]ferrocenophane
or methylphenylsila[1]ferrocenophane to corresponding amor-
phous PFS’s with higher polydispersitiedl {M, = 1.2—
1.3)!¢ than typically found for the dimethylsila[l]ferro-
cenophane monomek(/M, = 1.05-1.1), likely due to the
remaining impurities in the former monomeéfs.
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Figure 2. (A) AFM TM height image of a IF 35/10(DMEM31) block copolymer thin film, scan sizeAm x 1 um. (B) Voronoi diagram of image 2A,
projected on top of the image. (C) Voronoi diagram, where sites surrounded by 6 neighbors are unshaded, 5-fold-coordinated sites are magdata, and 7-f
coordinated sites are blue. (D) Pair distribution function and Fourier transform of image 2A.

Scheme 1. Organie-Organometallic Block Copolymer Table 1. PFS Statistical Copolymer and Plb-PFS Block Copolymer
Featuring an Amorphous Organometallic Block Characteristics®
Mn My o EM PFS
oy i’R polymer [kag/mol] [kg/mol] Mw/M, [mol %] [vol %]
Me F 13(DMosEMs) 12.8 13.5 1.05 5
F 16(DMggEM12) 15.9 17.7 111 12
1 F 15(DMy7EM,3) 15.3 16.7 1.09 23
2 IF 58/22 79.8 83.3 1.04 0 22
IF 54/18(DMp4EMe) 71.8 74.2 1.03 6 19
IF 35/10(DMggEM17) 45.1 46.7 1.04 11 18
IF 52/20(DMsgEM11) 715 74.8 1.04 11 22
n-Bu IF 56/21(DM7EMz3) ~ 76.7 808  1.05 23 22

n
aCompositions measured bfH NMR spectroscopy. Molar masses

h . obtained by GPC in THF, relative to polystyrene standards. The notation
Here we present a route to amorphous, eyerganic- used to identify the diblock copolymers includes the corresponding molar

organometallic block copolymers with narrow molar mass massesNi, in 10° g/mol) of the two blocks, i.e., IF 58/22 is a 58000 g/mol

distributions. Living anionic copolymerizations of dimethylsila- Polyisoprenes-22000 g/mol poly(ferrocenylsilane) diblock. DM denotes
. incorporatedl; EM denotes incorporate?l

[1]ferrocenophand and ethylmethylsila[1]ferrocenophane

2 were emplo_ye(_j_to fqrm amorphous_ PFS blocks. We g ityte orange, gummy substances, Wifs in the range
demonstrate significant improvements in block copolymer ¢ 11_o0 oc depending on molar mass and composition.
ordering using amorphous BHFS as compared with Pl- 1,0ir thermal behavior was studied by allowing isothermal
b-PFDMS and P$-PFDMS structures (Scheme 1). crystallization at 95°C, followed by DSC heating scans

A series of statistical copolymers dfand?2 with varying Figure 1, top). For poly(ferrocenyldimethylsilanel,( =
compositions (Table 1) were synthesized and characterized15200 g/mol,My/M, = 1.05), trace A, two endothermic
by *H and *C NMR spectroscopy and gel permeation ,oays associated with the melting-recrystallization behavior
chromatography (GPC). The amounts2incorporated in ¢ pEp\S were observed.Upon introducing ferrocenyl-
the PFS chains, as gauged ¥y NMR, agreed well with

the monomer ratios used. C_Zlgarly,_ polydispersity values did (18) Lammertink, R. G. H.. Hempenius, M. A.; Manners, 1.: Vancso, G. J.
not increase by copolymerizingy with 2. The copolymers Macromolecule 998 31, 795.
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ethylmethylsilane (EM) units in the chains, the melting
transitions shift to lower temperatures as anticipated for
statistical copolymers. At 12 mol % EM the high-temperature
melting transition disappeared. Melting transitions were no
longer observed upon increasing the EM percentage to 23%.
A similar trend of decreasing, and subsequently disappearing,
melting transitions was found for the correspondingbPI-
PFS block copolymers (Figure 1, bottof).

Thin films of the amorphous block copolymers on silicon
were imaged by tapping mode AFM (Figure 2A), showing
a relatively well-ordered monolayer of PFS spheres. To
establish the degree of ordering more quantitatively, a
Voronoi construction was employed, which aids in the
visualization of packing defects and grain boundaries oc-

curring in the block copolymer thin fili> Spheres sur- P L S
rounded by 6 neighbors appear as hexagons while 5- and B & fi&%%ﬁﬁ%@g
7-fold-coordinated sites are displayed as pentagons and g@%“?mpﬁbﬁ% R

heptagons, respectively. A dislocation core is seen as a bound
5—7 pair; a grain boundary appears as a row of disloca-
tions2%22 A simple sphere-finding algorithm was used to
identify the sphere centers, enabling the construction of a
Voronoi diagram which was superimposed on the original
image (Figure 2B). A perfect match between the domains
and the polygons was found. Defects are shaded in the
Voronoi diagram in Figure 2C. The amorphous block
copolymer self-organized at room temperature to a well-
ordered monolayer of organometallic spheres, with a single
hexagonal grain extending over almost the whole scanned
area of 1um x 1 um. A pair-distribution functio??
associated with the AFM image (Figure 2D) confirmed the
ordering quality and the relatively large single grain size. In
comparison, the average grain size found in theoFR-DMS
diblock copolymer thin films is typically around 280 ri#.
Similar correlation length values were observed forbPI-
PFDMS diblock copolymers. PSP2VP diblock copolymer
thin films on flat silicon substrates showed single-grain sizes
of about 400 nn#* The increased correlation length for the
amorphous Pb-PFS block copolymer monolayers likely is

a result of the high molecular mobility, allowing for the
removal of point defects and grain boundaries by sphere
rearrangement. The high molecular mobility is due to both
the low-Ty polyisoprene block and a lowerdg of the PFS
block!*?> combined with the suppression of crystallization

of the PFS domains. Figure 3. (A) AFM TM height image of a IF 35/10(DMEM;1) block
copolymer thin film after an @plasma treatment, scan size x 2 um.
— - (B) Voronoi diagram, where sites surrounded by 6 neighbors are unshaded,
(19) Isothermal crystallization experiments performed for several days at 5.fold-coordinated sites are magenta, and 7-fold-coordinated sites are blue.

larger undercoolings (at 4%C) led to the same observations. Thin (¢ Fourier transform of image A, showing the high degree of order of the
films of Pl-b-PFS, containing 11 or 23 mol % of EM, showed no

.

. A ) etched film.

sign of crystallization after being kept at room temperature for several

days.
(20) Allen, S. M.; Thomas, E. LThe Structure of MateriajsWiley: New Figure 3A shows an AFM TM image, scan size® x

York, 1999. .
(21) Segalman, R. A.; Hexemer, A Hayward, R. C.; Kramer, E. J. 24M, of an amorphous Fb'Pl_:S block copolymer th_m f”m_

Macromolecule2003 36, 3272. exposed to an £plasma. In this treatment, the organic matrix
(22) gggggg"f”' R.A.; Hexemer, A.; Kramer, EMacromolecule003 is removed and arrays of Fe/Si/O domains remain. The
(23) Cheng, J. Y.; Ross, C. A.; Thomas, E. L.; Smith, H. I.; Vancso, G. J. relatively high degree of order of the etched film is

Adv. Mater. 2003 15, 1599. demonstrated by the Voronoi diagram, which shows the
(24) Segalman, R. A.; Yokoyama, H.; Kramer, EAdy. Mater.2001, 13, y . . 9 T .

1152, scanned area to consist of a single grain containing ap-

(25) Glass-rubber transitions of the amorphousi?’RFS block copolymers, proximately 5 defectﬁ,mZ (Figure 3B). The six sharp first-

with relatively low molar mass PFS blocks, were in the range of 10
20°C. Poly(ferrocenylethylmethylsilane) has a reported Hylkalue order Bragg peaks and twelve second-order peaks observed

of 15 °C; see ref 16. in the Fourier transform (Figure 3C) provide further evidence
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for the high degree of order. This image also demonstrateseffectively suppressed. In thin films, the amorphous Byv-
that large, well-ordered areas can be transferred to underlyingdiblock copolymers self-assemble to form well-ordered
substrates by reactive ion etching, using these block copoly-monolayers of PFS spheres, with single-grain sizes larger
mer patterns as nanolithographic masks. than 1 um x 1 um, without thermal annealing. This
In conclusion, by incorporating unsymmetrically substi- significant increase in correlation length over previous
tuted ferrocenylsilane units in PFDMS blocks;rystalliza- crystallizable PS-PFDMS or Plb-PFDMS block copoly-
tion in Plb-PFDMS block copolymer thin films can be mers renders the amorphous diblock copolymers highly
useful as self-assembling templates for nanolithography or

(26) Monomersl and2 were prepared as described in refs 15, 16, and 27. other functional nanostructures. Topograph|ca”y patterned
PFDMS and statistical copolymers &fand 2 were synthesized by .
anionic polymerization in THF, using-BuLi as the initiator. Pls- substrates may induce order over even larger areas.
PFS block copolymers were synthesized by sequential anionic po-
lymerization; see ref 4. Isoprene polymerizations in ethylbenzene were ~ Acknowledgment. The University of Twente, the MESA
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