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ABSTRACT: The self-assembly of thin films of organometallic cylinder-forming amorphous polystyrenk-
polyferrocenylsilane diblock copolymers is described. By varying film thickness and/or the conditions of toluene
during evaporation annealing, well-ordered arrays of hexagonally packed iron-rich cylindrical microdomains
oriented either parallel to or normal to the substrate were produced. In the latter case, when the film thickness
was very small (1215 nm), well-defined nanoporous cylindrical domains were found. This unique morphology
persists in UV ozone etched films where inorganic, ring-like cylindrical domains were produced. By varying the
rate of solvent evaporation from solvent-swollen films, control over the orientation, order, and size of the cylindrical
microdomains was achieved and variation of the fundamental morphology was observed.

Introduction Scheme 1

In the bulk, diblock copolymers self-assemble into well- . Ring Opening R R

ordered arrays of nanometer-sized microdomains provjdied Fe sill_ Polymerization Esf Fe
is greater than a critical valdé. Here, y is the segmental = R @ n
interaction parameter andis the total number of segments in PFS

the block copolymer. In thin films, these well-defined mor-

phologies are of intense current interest for applications includ- Scheme 2

ing porous membranes, lithographic templates, and photonic Me Et
band-gap materials®* The morphologies, ranging from spheri- 1. sBuLi, CycloCgH,, ‘gf Fe |H
cal to cylindrical to gyroid to lamellar, are accessible depending ™~ . Bu @ y
X

on the volume fraction of the componengs,while N dictates 2. fcSiEtMe, THF
the size> Essential to the utilization of these versatile materials 3. MeOH

is the ability to control the orientation and lateral ordering of

the microdomains. Recently, the annealing of thin films of block PS-b-PFEMS
copolymers in solvent vapor, followed by a controlled evapora-

tion rate of the solvent, has opened a new pathway to meetMe) which has been shown to be semicrystalfiié® This
these demandsit feature can drive the morphologies in thin films into a

nonequilibrium state, complicating morphological confgt:3%-47
Recently, we reported the synthesis and bulk self-assembly of
amorphous polystyrenglockpoly(ferrocenylethylmethylsilanes)
(PSHb-PFEMS, Scheme Z¥.Preliminary studies on thin films

of PSh-PFEMS have shown that the block copolymer self-
assembles into a cylindrical microdomain morphology with the

While much effort has focused on organic materials, block
copolymers containing transition metals suggest additional
functions due to their redox, photophysical, conductive, catalytic,
or preceramic propertiéd;16 Polyferrocenylsilane (PFS, Scheme
1) block copolymers (BCP’s) are of particular interest due to

: ‘ . 1o ;
the iron atoms in the main chaifi."® In selective solvents these PFEMS cylindrical microdomains oriented normal to the film

materials self-assemble into a range of micellar-type morphol- .
9 b P surface?#? It follows, therefore, that solvent vapor annealing

ogies, including nanoscopic cylinders, vesicles, and nanotubes, S .

w%ich further gxpands thrc)eir p}é)tential applicatiGhs* PFS- of thin films of PSb-PFEMS merits study where the control of

BCP's in the solid state microphase-separate into iron-rich the orientation and lateral ordering of the cylindrical micro-
domains is expected. We demonstrate these outcomes herein

nanodomair®-25-31 and, in thin films, are attracting attention d show that. b trolling the rate of solvent ton i
due to redox-induced morphology changes, as plasma etch-2nd show that, by controfling the rate of solvent évaporation in
olvent-swollen thin films, a simple route to ring-like cylindrical

resistant nanotemplates and as precursors to magnetic or catalyti g hieved
materials®26:29.30.3234 ntil recently, the self-assembly of PFS omains IS achieved.
BCP’s in thin films has focused on the symmetrically substituted Experimental Section
poly(ferrocenyldimethylsilane) (PFDMS, Scheme 1+=RR' =
Equipment and Materials. Toluene was purified using a
o Grubbs-type solvent system. A polystyrene homopolynvr €
lgmg::{y 8; Iggs”;cc’husens 29 300, PDE= 1.01) was used as received from Aldrich. Molecular
E Universitz of Bristol. ' weights were determined by gel permeation chromatography (GPC)
U Current address: Department of Polymer Engineering, University of USINg a Water_s ASSC)_ClateS liquid chromatograph equipped with a
Akron, Akron, OH 44325. Waters 410 differential refractometer and a Viscotek T60A dual
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Table 1. Molecular Characteristics of Polymers Used in This Study

polymer Mp2 Mwb My/My€ ¢psd ¢pFEM3d x® yd
PS 29 300 29 600 1.01 1 0 281 0
PFEMS 10 000 10 100 1.01 0 1 0 39
PSH-PFEMS (0.25) 38 700 38 700 1.00 0.75 0.25 263 44
PSb-PFEMS (0.36) 68 200 70 900 1.04 0.64 0.36 389 108

aFor block copolymers, from PS aliquot sampled during synthesistdidMR data. Standard deviation estimated to4#&%. ® For block copolymers,
from PS aliquot sampled during synthesis, H NMR, a@M, data.© From GPC curve. Standard deviation estimated to-h&6. 4 For block copolymers,
from IH NMR integration and PS aliquot dataFor block copolymers, from PS aliquot sampled during syntt§sis.

Figure 1. As-cast scanning force microscope height images of (ApPPFEMS (0.25) and (B) PS-PFEMS (0.36) (height scale 10 nm).

A

Figure 2. Height mode scanning force microscope images of toluene evaporation annealed gAFEBAS (0.25) and (B) PS-PFEMS (0.36)
(height scale= 10 nm).

detector consisting of a 9@ngle laser light scattering detectag ( source (256-2000 nm) and an analyzer operated with the integra-
= 670 nm) and a four-capillary differential viscometer. Alterna- tion time for each data point being determined by either the
tively, molecular weights were determined using a Viscotek GPC minimum threshold of 2x 10° detector counts or 10 s. A
MAX liquid chromatograph equipped with a Viscotek triple detector Levenberg-Marquardt regression algorithm was used to model the
array. The triple detector array consists of a refractometer, a four- data as described previoushAlternatively, film thicknesses were
capillary differential viscometer, a 9@ngle laser, and a low-angle  estimated using scanning force microscopy (SFM) of a scratched
laser () light scattering detectofig = 670 nm). The triple-detector ~ area. SFM, operated in tapping mode, was performed on a
system has been shown to provide absoMig values for PFS Multimedia Nanoscope llla SFM (Digital instrument/Veeco-Metrol-
homopolymers$? and we assume that it provides accurate values ogy Group). The SFM tips had resonant frequencies close to 170
of My/M,. In both cases, a flow rate of 1.0 mL/min was used with kHz. Transmission electron microscopy (TEM) images were
THF as the eluent. Film thicknesses were estimated using a Sopraobtained using a Hitachi 600 electron microscope with an accelerat-
(GES-5) spectroscopic ellipsometer with a multiwavelength light ing voltage of 75 kV. Small-angle X-ray scattering (SAXS) data
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Figure 3. (A) Height image scanning force micrograph of saturated toluene evaporation annedde@HEBAS (0.36) thin film (height scale
10 nm), (B) corresponding 2D Fourier transform, and (C) the small-angle X-ray scattering plotdad?PEMS (0.36) in the thin film (black trace)
and the bulk state (gray trace).

were obtained using a Molecular Metrology instrument operated  Thin Film Preparation. PSh-PFEMS films were prepared by
with a 2-dimensional gas-filled multiwire detector and 0.030 kW spin-coating 0.251.0% w/w polymer solutions in toluene onto
microsource X-ray tube with a confocal multilayer optic to produce single-side polished silicon substrates that were precleaned by
a focused, monochromatic X-ray beam £ 0.154 nm). The repeated toluene rinsing. Solutions were filtered with a Whatman
scattering vectorg, was calibrated using silver behenate, and the 13 mm GD/X nylon syringe filter (0.4am pore size) immediately
sample-to-detector distance was 1.5 m. For thin film samples, the prior to spin-coating. The-1 cn? Si wafers were coated with the
X-ray beam was passed through the silicon wafer and then the PS-polymer solution and immediately accelerated to 600 rpm for 18
b-PFEMS film. UV ozonolysis was performed using a SAMCO s, followed by 60 s at 1000 rpm. Alternatively, BSRFEMS films
model UV-1 UV—ozone cleaning system operated with a oxygen were prepared by dip-coating from similar toluene solutions to that

flow rate of 0.5 L/min at 8C°C for 30 min. indicated above. Single-side polished silicon substrates that were
Synthesis of a Poly(ferrocenylethylmethylsilane) Homopoly- precleaned by repeated toluene rinsing or Formvar-coated TEM

mer and Polystyreneblock-poly(ferrocenylethylmethylsilane) grids were immersed in the coating solution for 15 s and withdrawn

(PSH-PFEMS) Diblock Copolymers. The complete synthetic  at~15 cm/s.

details concerning the synthesis of the PFEMS and®#&EMS Thin Film Annealing. PSb-PFEMS films were annealed by a

materials used in this study have been published elsevifh&tes solvent evaporation procedut®For an unsaturated toluene atmo-

diblock copolymers used in this study were BSFEMS (0.25) sphere anneal, thin films+(1 cn?) were placed into a chamber (an
and PSh-PFEMS (0.36), where the value in parentheses denotesinvertad 1 L crystallization dish on top of an aluminum foil covered
the volume fraction of PFEMSpéremg. The former is composed  cloth) with a small beaker of toluene~25 mL) at ambient

of a PS segment of 27 400 g/mol and a PFEMS segment of 11 300temperature and pressure. Witt h the samples were observed
g/mol, whereas the latter contains a 40 500 g/mol PS segment ando change color, indicative of the swelling of the film with toluene.

a 27 700 g/mol PFEMS segment. The respective polydispersity After ~24 h the films were removed from the chamber and allowed
indices were 1.00 and 1.04 as determined by gel permeationto dry at ambient conditions for 6 h. Given an air velocity in the
chromatography equipped with a triple detector. Both materials annealing chamber 6£0.5 cm/s, an evaporation rate of toluene of
afforded classic cylindrical microdomain morphologies in the ~2.6 g/day, the diameter of 3.1 cm for the toluene vessel, and a
bulk#849 The molecular characteristics of homopolymers and relative humidity of less than 1%, we estimate the partial pressure
diblock copolymers used in this study are summarized in Table 1. of toluene Pro), nitrogen Py,), and oxygenRo,) as 0.01, 0.77,
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Figure 4. (A) Transmission electron micrograph of toluene evaporation annealed dip coated filmbePPEMS (0.36) (PFEMS areas are dark,
whereas PS areas are lighter in the TEM image) and (B) the corresponding 2D Fourier transform. (C) Height image scanning force micrograph of
toluene evaporation annealed dip coated film ofPBFEMS (0.25) and (D) corresponding color-defined grains obtained from analysis developed

by Chaikin, Register, and co-workers.

and 0.22 atm, respectivety. Alternatively, for a more aggressive  1°. Since the contact angle of the BSRFEMS is between that of
anneal with a saturated toluene atmospheiZkgmass was placed PS and PFEMS homopolymers, then both blocks must be at the
on top of the chamber so as to increase the quality of the seal with surface.

the foil/cloth covered table top, thereby minimizing the exchange

between the ambient air and the enclosed toluene vapor-rich piscussion

atmosphere. After~24 h the sample was removed from the

chamber, where the chamber’s surfaces showed condensed toluene Morphology in the As-Cast Thin Films. Thin films (~100
droplets (indicative of a near-saturated toluene atmosphere). In thisnm) of PSb-PFEMS (0.25) and PB-PFEMS (0.36) were spin-
casePro, Py,, andPo, are 0.04, 0.75, and 0.21 atm, respectively. cqata4 onto silicon wafers from toluene solutiond (0% wiw).

Drying times were identical to those indicated above. In all cases R . . .
the film thicknesses were found to be consistent with unannealed Shown in Figure 1 are the tapping mode SFM height images.

precursors as estimated by SFM and ellipsometry. A similar value SiNce the glass transition temperature of PFEMS is near room

was determined for an unannealed sample, confirming film stability temperature-{ 16 °C*859, whereas that for PS is 100°C,>*

to the mild annealing conditions. the lighter (higher) features can be attributed to PS, while the
Contact Angle MeasurementsWater contact angles for PSand  darker (lower) regions are PFEMS. A disordered cylindrical

PFEMS homopolymers were measured using water droffléts.  mjcrodomain morphology is seen with the cylinders oriented

PS homopolymer was acquired from Aldrich, whereas the PFEMS parallel to the film surface. This is in agreement with bulk small-

homopolymer was synthesized according to literature proce&tres. -
The experimentally determined contact angles for a stationary angle X-ray scattering data for REPFEMS (0.25) and P§-

droplet of water on 100 nm thick PS and PFEMS films weret90 ~ PFEMS (0.36f%#These as-cast films were stable at ambient

1° and 94+ 1°, respectively. The contact angles for a stationary conditions for prolonged periods (up to 1 year) due to the glassy
droplet of water on the films shown in Figure 2A,B werd®2 + nature of the PS microdomains.
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Figure 5. (A) High-resolution height mode SFM images (inset scalebdi00 nm) of toluene evaporation annealedd?BFEMS (0.36) ultrathin

film and (B) its cross-sectional analysis. (C) High-resolution TEM images (inset scate Bamm) of toluene evaporation annealed " BFEMS

(0.36) ultrathin film and (D) its 2D Fourier transform. (E) High-resolution SFM image (height mode) of UV ozone treated ultrathin film from (A)
and (F) its cross-sectional analysis (inset scale=ba00 nm). (G) Schematic representing the generation of cylinder centered nanopore from
ongoing toluene evaporation once PS lattice is vitrified.

Shown in Figure 2 are the tapping mode SFM height images saturated toluene environment, the surface was investigated by
of the films following an unsaturated toluene atmosphere anneal SFM (Figure 3A). In this case, the entire film exhibits a highly
(see Experimental Section). An ordered, aligned array of ordered hexagonal lattice (up to . in area) of cylindrical
cylindrical microdomains mostly oriented parallel to the film microdomains oriented normal to the substrate. At this film
surface is seen. No variations in the surface topography, due tothickness, a higher concentration of toluene mediates the
the formation of islands and holes, were observed. The solubility interfacial interactions sufficiently to obtain a perpendicular
parameters of PS and PFEMS are 18.5 and 19.5|Pa orientation at the film-air surface. A 2-dimensional Fourier
respectively®* % The experimentally determined value for the transform of this height image is shown in Figure 3B. The six
solubility parameter for toluene is 18.2 MP&“* Consequently,  sharp first-order reflections, used to determine a periodicity of
PS is slightly more soluble in toluene than PFEMS. This, in 42.8 nm, as well as some weaker higher order reflections further
addition to a slight preference of PFEMS to the subsfrate, confirm the long-range order in the film. This sample was further
forces an orientation of the microdomains parallel to the surface, characterized by small-angle X-ray scattering (SAXS), and for
and, with the enhanced mobility due to the presence of the comparison, a plot of the bulk equilibrium SAXS of BS-
solvent, highly ordered, highly aligned domains are obtained. pFEMS (0.36) is also included (Figure 3C, black trace and gray

To overcome any preferential interfacial interactions, we traces, respectively). The primary intensity peaks for the thin
increased the concentration of toluene in the films by saturating film (g* = 0.017 55) and bulk state plotg*( = 0.017 08)
the annealing chamber (see Experimental Section). After an-correspond to periodicities of 41.3 and 42.5 nm, respectively.
nealing a 100 nm thick film of PB-PFEMS (0.36) in atoluene- By SAXS, it seems that a slight difference in periodicity exists
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between bulk and thin film morphology. Nevertheless, the and co-workers have made similar observations orbp8ly-
SAXS-determined periodicity found here agrees well with that (cyclohexadiene) diblock copolymet%Since the results re-
from the SFM 2-D Fourier transform data. ported here were obtained on solvent-cast films, the observed

Spin-coated P$-PFEMS films less than 100 nm in thickness Morphology cannot be associated with an equilibrium morphol-
dewetted from the substrate during preparation. However, stable®9y- Therefore, as shown in the schematic (Figure 5), it is
films, 12—15 nm in thickness, could be prepared by dip- or POssible that during solvent evaporation an enlarged copolymer
drop-coating from dilute solutions. In this case, with the film Morphology is frozen in as thg of the PS is traversed and
thickness less than the block copolymer periodicity, only the further evaporation of the solvent opens a hole in the center of
energetically favorable normal-to-substrate orientation of the the cylindrical microdomain. Consistent with this is the fact that
morphology was observed when these ultrathin films were the average center-to-center distance between the cylindrical
annealed using thensaturatedoluene environment. Shownin ~ Microdomains in the bulk is 42.1 nm, where from the SFM
Figure 4A is a representative transmission electron microscopyMmages this distance is 45.0 nm. Consequently, a significant
(TEM) image obtained by dip-coating a TEM grid (similar ncrease in the repeat period is seen in the thin films, which
images were obtained for drop-coated samples). All samples

suggests the presence of a pore in the center of the micro-
were imaged without staining, since the high electron density domains. However, we do not, at present, have a quantitative
associated with the main-chain Fe atoms provided sufficient UNderstanding of the observed morphology, though the result
electron density contrast. The solvent-annealed samples wer

ds highly reproduciblé? Attempts to further anneal these
found to be very well-ordered with a hexagonal lattice of uItrathin films (either using thermal or §0Ivent aqnealing
cylindrical microdomains covering areas in excess Qfr&2. techniques) unfortunately led to the_dewettmg of the film from
To further confirm the long range-order observed by TEM, a the surface and loss of both the said morphology and order.

2-D Fourier transform was performed on the image in Figure
4A. As shown in Figure 4B, long-range order is verified by
sharp 6 first-order and 12 second-order peaks. Subsequently, In summary, we have shown that BS*FEMS diblock

we applied this technique to the casting and annealing of PS-Copolymers withpprems = 0.25 and 0.36 self-assemble in thin
b-PFEMS films on silicon substrates. SFM images of the surface films to form cylindrical microdomains of PFEMS in a PS
revealed very long-range lateral ordering of the cylindrical Matrix. Control over the orientation and long-range ordering
microdomais for both P®-PFEMS (0.25) and P8-PFEMS can be achieved by judicious control over the solvent evapora-
(0.36) films. Shown in Figure 4C is a representative SFM height tion conditions. In add_ltlon, in the case o_f ultrathin films, a novel
image of a P$-PFEMS (0.25) film where only a representative foute for the generation of nanorings is demonstrated where,
fraction of an ordered area that wa8 um? in area is shown.  during solvent evaporqtion, a pore has.been openeq in the center
Using analysis developed by Chaikin, Register, and co-workers, of the PFEMS cyl|ndr|_cal mlcrodomqlns. The faC|Ie_ route to
where different colors are assigned to grains having a lattice \_/vell-ordered arrays of iron-rich nanorings has potential interest
with a given planar orientation, a color map of Figure 4C was N numerous fle|.dS such as magnetic data storage_where a.flux-
obtained (Figure 4D). With the exception of the edges of the glosure state Wlth zero net magnetic moment exists for ring-
image, a single color is seen within each grain showing that like arrays of iron oxide crystafs.

the number of lattice defects per grain is small.

In addition to the long-range order seen in the ultrathin films

Conclusions
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