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ABSTRACT: The self-assembly of poly(ferrocenyldimethylsildneiethyl methacrylate) block copolymers, with
PFDMS contents of 961 wt % (block ratios 1:231:1.5), is described. PFDMBPMMA block copolymers

form remarkable cylindrical micelles with very narrow diameter distributions at block ratios in the range of
1:10-1:6 (18-26 wt % PFDMS) in the block-selective solvent acetone, which is a good solvent for PMMA and

a nonsolvent for PFDMS. The micelles, with a PFDMS core and a PMMA corona, were studied in solution by
means of dynamic light scatterintl NMR spectroscopy, and cryo-transmission electron microscopy. Micelles
were also deposited on silicon substrates by dip-coating and characterized with atomic force microscopy and
scanning electron microscopy. The micelles were ovem3long and had an overall diameter of around 22 nm.
Dynamic light scattering experiments confirmed the formation of rodlike micellar aggregates in acetone. The
cylindrical micelles exhibited a rod-to-sphere transition around°60 When cooled below this transition
temperature, the micelles reassembled back to their original aggregation state. Depolarized DLS experiments
showed no rotational contribution to the measured decays of the autocorrelation functions. We ascribe this to the
extreme length of the micelles, which arrests rotational movert¢MMR spectra recorded in acetodgshowed

PFDMS signals, indicating that these blocks in the micellar cores have some mobility. This suggests that the
cores are not in a crystalline state and that crystallization is not a driving force in the formation of these PFDMS-
b-PMMA cylindrical micelles, but rather the contrast in solvophilicity between the blocks, which in the bulk are

in the strong segregation limit.

Introduction (dimethylsiloxane)-bas@dPFDMS block copolymers, the poly-
(methyl methacrylate) (PMMA) block provides a higher contrast
in polarity between the hydrophobic PFDMS and the organic

methacrylate), using sequential anionic polymerization and atomblOCk' e_nabllng us to study the self-assembly of PFDIMS-
transfer radical polymerization (ATRP)By combining func- PMMA in polar block-selective solvents.
tional organometallic blocks with taylored organic blocks, new  In most of the cases, regular asymmetric block copolymers
nanoscale, self-assembled systems for lithographic, catalytic,Self-assemble into spherical micelles when dissolved in a block-
and other applications may be accessBdly(ferrocenylsilane)s, ~ Selective solvent. Literature accounts of asymmetric block
PFS3 show a remarkable resistance toward dry etching with copolymers forming cylindrical micelles in selective solvents
e.g. oxygen, CF and Sk plasma$and possess other potentially ~are rather scarce. Examples of cylindrical aggregates include
useful properties such as electrochenfieaid catalytié activity poly(styreneb-isoprene) that forms long cylinders or lamellae
associated with the presence of iron atoms in the main chain.in N,N-dimethylacetamide or in decané? A similar behavior
The self-assembly of hybrid orgariorganometallic block ~ Was observed for poly(styrertebutadienes-styrene) in ethyl
copolymers in selective solvents is attracting much interest due acetate where cylindrical micelles were formed at elevated
to the variety of nanoscale structures that can be obtained andemperature®® This was explained in terms of a reversible
the potentially useful properties or functionality of the as- polymerization process. Spherical micelles “polymerized” into
semblies’. Cylindrical micelles obtained from RI-PFDMS and long cylinders in order to reduce the core surface area per chain.
PFDMSbh-PDMS, for instance, were demonstrated to be ef- Association into cylindrical micelles was also reported for poly-
ficient precursors for ceramic nanolirfé®lt has been proposed  (ethylene oxides-propylene oxides-ethylene oxide) in watel’.
that crystallization of the core polymer (PFDMS) is the driving Other examples of cylindrical aggregates include copolymers
force for the formation of the cylindrical micellé&'Compared ~ With polystyrene as one block and a polar second block such
to the well-established polyisopretpolystyrenet? and poly- as poly(acrylic acid}® poly(2-vinylpyridine)!® poly(ethylene
oxide)?° or poly(2-cinnamoylethyl methacrylaté)and poly-
t University of Twente. (methyl methacrylaté-perfluorooctyl methacrylate}.
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Table 1. Molecular Characteristics of the PFDMSbh-PMMA Block Copolymers

PFDMS block PFDM3:-PMMA
polymer Mn2 (g/mol) Mn2 (g/mol) Mw/Mn PFDMS conter®t(wt %/vol %) bulk morphology
1 PFDMSg-b-PMMA 1162 12 000 101 700 1.10 0.09/0.08 BCC
2 PFDMSo-b-PMMAS31 12 000 66 900 1.06 0.18/0.17 BCC
3 PFDMSo-b-PMMA 341 12 000 40500 1.18 0.26/0.24 HEX
4 PFDMSy2-b-PMMA 140 22000 79700 1.32 0.61/0.59 LAM

aDetermined by size exclusion chromatography, based on polystyrene stamdiaiids.of the PFDMS block= 1.05.° Weight percent of PFDMS block
calculated frontH NMR integrals. Volume percentage calculated taking densities of PFDMS and PMMA to be 1.26 and 13 Begjpectively Estimated
using the phase diagram constructed by Rehahn?teadd SAXS measurements.

Scheme 1. Chemical Structure of the PFDM$®-PMMA Block scattering was performed in order to determine the rotational
Copolymers diffusion coefficient. For measurements in the depolarized config-
uration (VH, vertical horizontal), the polarization filter was set at
90° with respect to the laser light polarization (all the light in the
polarization plane of the laser was blocked). In the polarized
configuration (VV, vertical vertical), the filter was set &t1i@lative
to the polarization of the light source. Samples for cryo-TEM
PFDMS-b-PMMA measurements were made by placing a small dropletL(3of
polymer solution (1 mg/mL, 90% acetone and 10% THF) on a

micelles is controlled by these parameters and by the selectivity Quantifoil R2/2 grid precleaned with acetone to remove soluble
debris. Excess liquid was blotted away, and the thin specimen thus

of the solvent for the different blocks: the insoluble block tends : S ;
to minimize contact with the solvent (which favors large formed was plunged into the cryogen, liquid nitrogen, using a
h vitrification robot (Vitrobot, FEI Co., Hillsboro, OR) with a
aggregates), but the soluble block tends to swell in the solvent, specimen chamber saturated with acetone v&johe grids with
forming a corona. In a dense corona, the chains repel each othejtified thin films were analyzed in a CM-12 transmission
by osmotic forces, and they will stretch, at the expense of some microscope (Philips, Eindhoven, The Netherlands) £#2°C using
entropy, to lower the osmotic energy. The balance between corea Gatan-626 cryo-specimen holder and cryo-transfer system (Gatan,
solvophobicity and corona osmotic pressure determines the localWarrendale, PA). The vitrified films were studied at 120 kV at a
curvature. If the curvature is very high, spherical micelles are pressure lower than 0.% 10°% Pa, and at standard low-dose
always favored, whereas other structures (cylinders or sheets)conditions, micrographs were taken. Small- and wide-angle X-ray
can appear at lower curvatur&dn this contribution, the self-  Scattering (SAXS and WAXS) measurements were conducted using
assembly and characterization of PFDM&MMA block an in-house setup with a rotating anode X-ray generator (Rigaku

. . L RU-H300) operating at 18 kW. By employing two parabolic
copolymers with varying block ratios in acetone are described. multilayer mirrors (Bruker, Karlsruhe), a highly parallel beam of a

Experimental Section monochromatic Cu K radiation ¢ = 0.154 nm) with a divergence
of 0.012 was obtained. The SAXS patterns were recorded with a
Materials. Tetrahydrofuran (THFz99.0%) and acetone-09.5%) Bruker Hi-Star area detector at a sample-to-detector distance of
were obtained from Aldrich. All solvents were filtered through 200 1.03 m. The two-dimensional scattering patterns were radially
nm pore size filters (Schleicher & Schuell Spartan 13/0,2 RC) to integrated, corrected for the background, and then displayed as one-
remove dust particles. Poly(ferrocenyldimethylsildneethyl meth- dimensional plots of the intensity as a functiorgpthe magnitude
acrylate) block copolymers were synthesized as described Earlier. of the scattering vector. The WAXS curves were recorded using a
Molecular characteristics of the investigated block copolymers are linear position sensitive detector (PSD-50M, Braun).
given in Table 1.
Preparation of Micellar Solutions. Block copolymers were first Results and Discussion
dissolved in THF, a good solvent for both blocks, followed by the o . L .
dropwise addition of a block-selective solvent (acetone). The ~Dynamic Light Scattering. Dynamic light scattering was
resulting solutions always contained 10 vol % of THF. used to investigate the morphology of PFDM&MMA
Deposition of Micelles. Micelles were deposited on cleaned Micelles directly in solution. First, the influence of solvent
silicon wafers [100] with a native oxide layer by dip-coating from quality was investigated by recording the formation of micelles
10 mg/mL block copolymer solutions in acetone (selective solvent) upon the gradual addition of a PMMA-selective solvent
or chloroform (nonselective solvent). A custom-built dip-coater with  (acetone, nonsolvent for PFDMS) to the nonselective solvent
a stepper motor was used. The substrates were withdrawn WithTHF. Several solutions of the same concentration (1 mg/mL)
speeds ranging from 1Q@m/s to 1 mm/s. _ were prepared by dissolving the block copolymers in mixtures
_ Characterization Techniques.Deposited micelles were inves-  of acetone and THF. Autocorrelation functions of scattered light
tigated by atomic forpe microscopy (Digital Instruments NanoScope intensity were recorded for each solution, and an average
Illa). Standard SN, tips (Pointprobe, Nanosensors) were used. The . . .
scattered light intensity was used as a measure of the extent of

images were acquired in ambient air using the tapping mode. ™~ e f . ke i h - |
Micelles were studied with an amplitude of oscillation at free MiC€lle formation. To take into account changes in solvent

vibration of A; = 2.0 V and with operating set point ratios having refractive index, the translational diffusion coefficients were

a value ofA/A, = 0.6-0.9. Scanning electron microscopy images Calculated using the method of cumulafftsThe results are

were captured by a LEO Gemini 1550 FEG-SEM settpNMR shown in Figure 1 and Figure 2.

Zp())gctra wtere retcord?%gng(égl\(?gd algetondls ”l.s'rr‘]% av?tnqn Unity 1t can be clearly seen in Figure 1 that polymers with a low
spectrometer a : Z. bynamic ight scatlering exper- penyvs content 1, 2, and 3) show a substantial increase in

ments were performed using an ALV light scattering instrument ttered light intensit v wh t K th
equipped with a 400 mW argon ion laser tuned to a wavelength of scattered ight intensity only when aceton€ makes up more than

514 nm. Temperatures were controlled by a Haake C35 thermostat,” 9% Of the solvent. In the case of the polymer with a majority
providing an accuracy of:0.1 K. To analyze the measured PFDMS phased), the scattered light intensity begins to increase
autocorrelation functions, the method of cumul&htsas used already at 50% of acetone. Similar trends were observed in the

(DynalLS software from Alango Ltd.). Depolarized dynamic light solvent composition dependence of diffusion coefficients (Fi%fi/

n-Bu
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Figure 4. Decrease in scattered light intensity upon heating of a 1
mg/mL solution of PFDM$-PMMA micelles @, block ratio 1:6 in
acetone.

volume fraction of acetone in THF

Figure 1. Influence of acetone content on PFDNSR2MMA micelle
formation. Polymerd—4 have PFDMS/PMMA block ratios of 1:23,
1:10, 1:6, and 1:1.5, respectively (see Table 1). Polymer concentration
1 mg/mL. Scattered light intensity was measured at an angle of 90
vol % THF). At a concentration of T@ mg/mL autocorrelation

604 functions could still be recorded,; i.e., we could not establish a
cmc for these systems. The aggregation behavior of PFDMS-
50+ b-PMMA in acetone changes at high temperature. At temper-
40 atures close to the boiling point of acetone (56Q), the
Q) opalescent micellar solution became transparent. This indicates
E 30 that either existing micelles transformed into other, smaller
S‘c_> 201 micelles or into individual block copolymer molecules, dissolved
fal in acetone as unimer micelles. Figure 4 illustrates the decrease
10 in scattered light intensity upon increasing the solution tem-
perature. The point indicated as an open cir€lecorresponds
01 to a measurement performed immediately after heating a solution
0.0 0.2 0.4 0.6 08 10 of polymer3 (1 mg/mL) in a tightly closed cuvette to65—70

volume fraction of acetone in THF °C. The translational diffusion coefficient measured immediately

Figure 2. Translational diffusion coefficient as a function of acetone ~after the block copolymer solution became transparent cor-
content. Polymeré—4 have PFDMS/PMMA block ratios of 1:23, 1:10,  responded to spherical micelles with a diffusion radius of 34

1:6, and 1:1.5, respectively (see Table 1). nm, calculated using the StokeEinstein equation. This implies
that at a transition temperature around €D larger micellar
25004 o aggregates transform into smaller spherical micelles. The
/! scattered light intensity was further measured as a function of
20004 temperature (Figure 4). Manners et al. obtained spherical

micelles when heating PFDMISPDMS cylindrical micelles
in n-decane to 15C°C, quenching in ice, and leaving the
solutions at room temperature. The rod-to-sphere transition in
that case took place at higher temperatures and was ascribed to
the melting of the crystalline PFDMS micellar cdfeThese
authors concluded that when micelles were formed below the
bulk T, of PFDMS (126-145 °C), cylindrical micelles result.
T T T T T Above Ty, spherical micelles are formed.

0.0 02 0.4 06 08 1.0 ; . L . .

i To investigate the kinetics of micelle formation, we followed
concentration [mg/mL] the changes in scattered light intensity in time after overheating
Figure 3. Concentration dependence of the scattered light intensity the plock copolymer solution in acetone above the mentioned

of micellar solutions in acetone with 10 vol % THF. Polymdrs4 s : 0
have PFDMS/PMMA block ratios of 1:23, 1:10, 1:6, and 1:1.5, transition temperature to an estimated®°65and subsequently

respectively (see Table 1). The dashed lines are shown to indicate trends,quenching” the system to 55C. Changes in scattered light
intensity and in translational diffusion coefficient are shown in

2). For polymers with a minority PFDMS content in solvent Figure 5. The time dependence of the scattered light intensity
mixtures with less than 50% acetone, no meaningful diffusion has a sigmoidal shape. It shows early exponential growth of
coefficients could be obtained due to very weak scattering (i.e., scattering intensity, which slows to linear growth aftet000

no micelles were formed). At acetone contents above 70% thes, and then approaches intensities corresponding to fully
values of the diffusion coefficients level off, indicating the developed cylindrical micelles. At the same time the diffusion
formation of fully developed micelles. Polymémwith a PFDMS coefficient decreases and levels off after about 2400 s at values
majority forms aggregates that scatter light at much lower observed for cylindrical micelles prior to heating. At room
acetone contents. The diffusion coefficient begins to drop at temperature, cylindrical micelles are formed even faster.
about 40% of acetone in solution and levels off at 70%. Figure 6 shows autocorrelation functions of the scattered light

The concentration at which the micelles are first formed is intensity of PFDMSh-PMMA micelles in acetone. Solid lines

known as the critical micelle concentration (cmc). Figure 3 represent single-exponential decay fits to data points recorded
shows the concentration dependence of the scattered lightimmediately after overheating the solution (curve A)~65
intensity for PFDMSh-PMMA micelles in acetone (with 10  °C and after a recovery time (curve B) necessary foréfbev
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24+ plasticization by absorbed solvent molec#i&Sigure 7 presents
r 160 the 'TH NMR spectra of a PFDM$®-PMMA block copolymer
09 .. - 140 recorded in deuterated acetone and in deuterated chloroform.
_ 164 " L1420 In acetone at 23C the PFDMS signal is still visible, indicating
g —_— - S that the micellar cores (containing the PFDMS block) are
5 124 . 100 8, mobile, which may be explained by some degree of plasticiza-
> . |80 ‘g tion by solvent molecules. The presence of the PFDMS signals
v 87 g in theH NMR spectrum strongly suggests that in the micellar
o . 6o = solution the PFDMS block is not in a crystalline state. The
49 e, L 40 absence of polymer crystals in the micellar core was further
0 et 2 confirmed by X-ray scattering experiments. WAXS measure-
0 500 1000 1500 2000 ments performed on deposited micellar films showed no Bragg

time [s] peaks, which indicates that the PFDMS domains of our block

Figure 5. Formation of PFDM33-PMMA micelles @3, block ratio 1:6) Co_po_lymer_s _are not Crystalline_. Therefore, we believe that the
upon “quenching” from above the rod-to-sphere transition temperature Principal driving force for the micellar self-assembly of PFDMS-
to 55 °C in acetone. Intensity of the scattered ligia); the line b-PMMA is the difference in solvophilicity of the hydrophobic
represents a sigmoidal fit to the data. Translational diffusion coefficient pPEFDMS and the relatively polar PMMA block. In the bulk,
(). PFDMSb-PMMA is regarded as strongly phase segregating
while e.g. PS-PFDMS is in the weak segregation lirdt.

20_' Dynamic Depolarized Light Scattering. Depolarized light
o scattering experiments can be a source of structural information
184 not readily obtainable by other techniques. This technique is
especially useful when applied to dilute solutions of rigid
164 particles or molecules with optical anisotrofyThe most
= common model assumes that such species undergo independent
= 1.4 rotational and translational diffusion. It has also been shown
that the correlation function of such rodlike or ellipsoidal
1.24 molecules or particles measured in the depolarized configuration
(VH) exhibiting a monomodal sharp size distribution consists
1.0 of one decaying exponentidl & 2D + 60, whereD and®
10° 10° 10" 10' 10° 10° ?reltr)asr;slational and rotational diffusion coefficients, respec-
ively).

r[s]

Figure 6. Autocorrelation function of PFDM®-PMMA micelles @,
block ratio 1:6) in acetone (1 mg/mL) formed immediately after

Figure 8 shows the angular dependence of the decay constant
of the autocorrelation functions for depolarized dynamic light

overheating (A) and fully developed cylindrical micelles at°&5(B). scattering experiments performed in acetone solutions of
Solid lines represent single-exponential decay fits to the detavés polymers2 and3. For comparison, results obtained in conven-
0.993 and 0.996 for A and B, respectively). The inlay shows alim tional polarized DLS are also plotted. The valueslofvere

plot of the autocorrelation functions recorded at 80attering angle. calculated using the method of cumula#ft@ The analysis of

formation of fully grown cylindrical micelles as observed prior the cumulant expansion of the correlation function was per-
to heating. The autocorrelation function of the heated solution formed by f'g‘;'ng third-order polynomials to the function
(A) fits very well to the single-exponential model with a decay N[9@(7) — 1]*The value of the trangla'ﬂ?nal diffusion constant
constantl'a on the order of 17 Hz, which corresponds to a ©observed was on the order of Tdm?s™! (D3 = (2.2 £ 0.6)

spherical micelle with a radius of 34 nm. The fit to curve B x 107°m?s™ andD; = (2.6 + 0.4) x 107*°m?s™). If we
gives a much lower average decay rate [of = 1.7 Hz, assume a cylindrical morphology, the observations would

consistent with micelles diffusing roughly 10 times more slowly. correspond to a cylinder length of ovep#n (calculated using
The fit to curve B is evidently less good compared to curve A, Broersma’s expressioffsand assuming a diameter of 18.5 nm
which is consistent with the different geometry and poly- Pased on SEM imaged) For comparison, the tobacco mosaic
dispersity of the cylindrical micelles. virus, which h.as a s!mllgr dlamet.er and a length of 300 nm,
Temperature-DependenttH NMR Studies in Acetone. The has a translational diffusion (.:oefflme.nt on tlhe qrder of 36
DLS measurements were complemented with high-temperaturel0” * M? s* and a corresponding rotational diffusion coefficient
IH NMR measurements of PFDMSPMMA (3, block ratio of 300 s1.17c Somewhat longer cholesterol micellds= 580
1:6) in deuterated acetone. Usually the mobility of protons inside M) rotate 3 times slowe® = 110 s* andD = 4.3 x 107*2
of micellar cores is hindered to such an extent that the width of M $~)-3%°
the corresponding NMR lines can broaden on the order of It is difficult (if at all possible) to estimate the value of the
hundreds of hertz or more, so that these protons escape detectiorotational coefficient for our system. The values of decay
in high-resolution spectra. NMR studies focused on micelles constants extrapolated to zero scattering vector tend to approach
with a polystyrene core showed that at room temperature or oscillate around zero with large error values. This indicates
polystyrene peaks were absent from spectra, indicating that thethat there is little or no rotational contribution, probably because
PS core was glass$§.As the temperature was increased, the the micelles are too long to reorient on time scales associated
PS peaks gradually appeared in the spectrum as the core chainwith translation. The normalized autocorrelation functions
became more mobile. The core peaks were fully developed recorded in polarized (VV) and depolarized (VH) configurations,
before the critical micelle temperature was reached-dctane shown in Figure 9, can be fitted with single-exponential decay
such a “glass” transition of the core takes place somé&G0  functions with similar decay constants. This again shows that
lower than the bulk PS glass transition, presumably owing to the contribution of rotational diffusion to the scattered Ii%v
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Figure 7. 400 MHz'H NMR spectra of PFDM3®-PMMA (3, block ratio 1:6). (a) Spectrum recorded in CRC good solvent for both blocks)
at 25°C. (b) Spectra recorded in acetotieat different temperatures. Characteristic ferrocene signals of the PFDMS blockiarea01 and 4.22
ppm. The methoxy{OCH;) signal of the PMMA block is at = 3.60 ppm.
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Figure 8. Depolarized dynamic light scattering (VH) angular depen-
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dence of measured decay constants. Polymer concentration 1 mg/mLFigure 9. Normalized autocorrelation functions of polarizéd) @nd
in acetone (with 10 vol % THF). Solid and dashed lines represent linear depolarized ©) measurements. Polymé&r solution in acetone at a

fits to decay constants as a function @bf solutions of polymer
and 3 (PFDMS/PMMA block ratios 1:10 and 1:6, respectively). For
comparison, results obtained from polarized light scattering (VV) are
also plotted for polymeB in acetone ).

signal is very small. These two autocorrelation functions differ
only in the intensity of the signal. Scattered light recorded in
the VH configuration had a much lower intensity, on the order
of 1% of the polarized scattered light intensity. Moreover, just
as in the case of PFDMB-PDMS cylinders, we also observed
no second relaxation mode in polarized DLS, which would be
characteristic of rodlike structures. This can be due to the
flexibility of the cylinders and also due to their extreme length
(L/d > 170).

In summary, the DLS experiments give further indication in

support of the formation of long micellar aggregates in acetone.

The micelles exhibit a critical micelle temperature, above which

scattering angle of 70 The lines represent a single-exponential fit to
the measurement points.

Cryogenic Transmission Electron Microscopy.The DLS
results were confirmed by performing cryo-TEM measurements
on micellar solutions of block copolymers in the same solvent
mixture (90 vol % acetone and 10 vol % THF), using the same
polymer concentration (1 mg/mL). By performing transmission
electron microscopy measurements on frozen block copolymer
solutions, influences of substrates and drying of the aggregates
do not play a role, thus ensuring that the obtained images
faithfully represent the aggregation of the polymer chains in a
block-selective solvent. The cryo-TEM micrographs of acetone
solutions of polymer® and 3 (shown in Figures 10 and 11)
confirm the results obtained in the DLS experiments. The
polymers indeed aggregate into anisotropic wormlike micelles
of an extreme length, with an overall diameter of 28 nm in the
case of polyme® and 22 nm for polymeB.

they transform into spherical micelles. When quenched below  Surface Deposition of MicellesIn further studies we wanted

the cmt, the micelles reassemble back to their original aggrega-to investigate whether the micelles formed in a selective solvent
tion state. Depolarized DLS experiments show no rotational could be used in the surface decoration of silicon substrates in
contribution to the measured decays of the autocorrelation view of their potential use in reactive ion etching-assisted
functions. We ascribe this to the extreme length of the micelles, lithography® Micelles were deposited on silicon substrates by
which arrests rotational movement. dip-coating. The coating process was carried out by slo&\@/v
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Figure 12. AFM height images of polyme® (left) and 3 (right) films prepared by dip-coating of silicon substrates using nonselective solvent
solutions (7 mg/mL of chloroform). The withdrawing speed was 260s. Thez-scale is 5 nm.

withdrawing Si slides from block copolymer micellar solutions. characteristic of phase-separated block copolymer films with a
After deposition, the substrates were imaged with tapping mode spherical morphology, even though for some blocks this was
AFM. This allowed us to investigate the influence of the block not the equilibrium bulk morphology (see Figure 12). Upon

copolymer composition on micellar morphology. Samples dip- withdrawal of a substrate, a meniscus is formed due to capillary
coated in a chloroform solution (good solvent for both blocks) rise. In this meniscus solvent evaporation takes place, and a
always resulted in patterns exhibiting typical circular motifs thin film of block copolymer is deposited. Slowly evaporatie%v



2312 Korczagin et al. Macromolecules, Vol. 39, No. 6, 2006

Figure 13. AFM phase images of silicon substrates dip-coated in a solution of PFBMBMA in acetone. Polymers: (A), (B) 2, (C) 3. Phase
contrast 38—50°. (D) AFM height image of a polyme8 sample ¢-scale 15 nm).

solvent provides enough mobility for the block copolymer Dip-coating from acetone solution resulted in deposition of
chains, and microphase separation takes place during thecylindrical micelles. However, substrates covered with block
withdrawing process. This simultaneous film deposition and copolymerl, containing 9 wt % of PFDMS (PFDMS/PMMA
ordering is a result of the interplay between solvent evaporation block ratio 1:23), showed a limited number of cylindrical
rate, solvent partial vapor pressure, and withdrawing speed. Inmicelles which were partially embedded in a phase-separated
practice, it can be regarded as zone solvent anne#ling. block copolymer film with a spherical domain morphology as
The interdomain spacing of the circular motifs obtained by €videnced by AFM heightimages. This morphology can be seen
dip-coating from chloroform (2623 nm) corresponds quite well ~ €ven more clearly after annealing of the samples at ‘XG0
to the block copolymer bulk values. SAXS measurements Which is above the equilibrium melting temperature of poly-
performed on the bulk copolymer samples revealed an inter- (ferrocenyldimethylsilane) in butk’ Remarkably, the cylinders
domain period of 25 nm in the case of polymé@rand3 and seem to remain intact and retain their initial size and shape
40 nm for polymer4. Their corresponding phase morphology ~following annealing (see Figure 14).
was further established using the SAXS data and the phase The existence of the two morphologies indicates that while
diagram constructed by Kloninger and Rehahn (see also Tablesome material had associated into cylinders, most of PFDMS-
1).25 A different picture appears when substrates are dipped into b-PMMA block copolymerl was present as spherical micelles
a solution of block copolymer already preorganized in a selective in acetone. This is also consistent with the DLS measurements,
solvent. Figure 13 shows AFM images of deposited micelles where block copolymel exhibited the lowest scattered light
made of polymers with different PFDMS contents. intensity in the whole series. An increase in the block copoly@BR/
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Figure 14. AFM phase images of a block copolymesample (PFDMS/PMMA block ratio 1:23, the same sample as shown in Figure 13A) after
annealing in a vacuum at 16C for 24 h. Phase scale is 10

Figure 15. AFM phase images of a polym&rsample (PFDMS/PMMA block ratio 1:10, the same sample as shown in Figure 13B) after annealing
in a vacuum at 160C for 24 h. Phase scale i$.5

PFDMS content from 9 to 18 wt % was reflected in a higher the SEM micrograph of polyme¥micelles confirming the AFM
scattered light intensity, suggesting that more cylinders are beingresults: the cylinders are 18450.3 nm in diameter and possess
formed. This in turn should result in an increase in the areal a length of at least 8m. The extreme length of these cylinders
density of cylinders in the film as compared to the previous induced some local orientational ordering of the micelles
polymer. A dipped film prepared from polymé&rcontaining confined in a 2D film.
18 wt % of PFDMS (PFDMS/PMMA block ratio 1:10) was The block copolymer with a majority PFDMS contefitdoes
composed almost entirely of long cylindrical micelles. In some not form cylinders (data not shown). Instead, spherical ag-
places the region between the cylinders showed a microphasegregates with diameters ranging from 20 to 200 nm were
separated morphology similar to the previous example. Similar observed. The absence of cylindrical micelles can be easily
to the case of polymet, annealing of the films accentuated explained by the fact that there is simply too much PFDMS
this coexistence of two types of morphologies (see Figure 15). and not enough PMMA to facilitate formation of such micelles.
Finally, films prepared from micellar solutions of polymer In this case one could expect the formation of large crew-cut
3, containing 26 wt % of PFDMS (Figure 13C), were entirely micelles23? Much higher scattered light intensity of polynr
composed of long micelles with a diameter of 18 nm (1.9  solutions in acetone suggests that indeed larger aggregates are
0.4 nm, estimated from AFM measurements). Figure 16 shows being formed in solution. This was confirmed by cryo-T%/bV
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Figure 16. SEM image of block copolymes micelles (PFDMS/PMMA block ratio 1:6) deposited on a silicon substrate from acetone solution.

measurements. Clearly, cylindrical micelles are formed only by is gratefully acknowledged for performing the NMR experi-
block copolymers with an appropriate PFDMS content, at block ments.

ratios in the range of 1:101:6 (polymers2 and 3).

Conclusions

PFDMSbH-PMMA block copolymers self-assemble into mi-
celles in the PMMA-selective solvent acetone. The micellar
morphology depended on the length of the PFDMS block with
respect to the PMMA block. The block copolymer with the
lowest PFDMS/PMMA block ratio, 1:23, formed monomolecu-
lar or small spherical micelles with only a small fraction of
polymer associating into cylindrical micelles. As the PFDMS
fraction increased, a larger proportion of copolymer chains
aggregated into cylindrical micelles. Cryo-TEM measurements
in frozen acetone showed that long, cylindrical micelles were
formed by PFDMS-PMMA block copolymers at PFDMS/
PMMA block ratios of 1:16-1:6. At a block ratio of 1:6, the
block copolymers formed well-defined cylindrical micelles
exclusively, with an overall diameter of 22 nm and a length of
over 3um. When PFDMS was in the majority, only crew-cut
spherical aggregates were formed. Dynamic light scattering
experiments provided evidence in support of the formation of
long cylindrical micelles. The micellar solutions exhibited a rod-
to-sphere transition temperature around®60 At this temper-
ature, cylindrical micelles transformed into spherical micelles
with a hydrodynamic radius of 34 nm as calculated using the
Stokes-Einstein equation.

High-resolutiontH NMR studies of the micellar solutions in
acetoneds recorded at temperatures varying from 25 to°&5

showed that the PFDMS core is in a mobile state, and solvent
molecules penetrate inside of the micellar core. We therefore

believe that the contrast in polarity between the two blocks,
supported by the polar block-selective solvent, rather than
crystallization of the PFDMS block, is the primary driving force
of PFDMSb-PMMA micelle formation. Cylindrical micelles
with coronas composed of relatively higlpolymers such as
PMMA constitute an excellent choice for surface deposition as
precursors to ceramic nanolines due to the high stability of the
cylinders.
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