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ABSTRACT: Polystyrends-poly(1,1,2,2-tetrahydroperfl

urooctyl methacrylate) (BRPFOMA) thin films, cast

from a cosolvent mixture of Freon 113 and toluene onto SiSiMstrates, form spherical micelles; the cores are
composed of PFOMA chains with a PS corona. Upon exposing the films to supercriticalSECECQ), the
morphology inverts, wherein the core is composed of PS chains and the PFOMA chains constitute the corona. In
each case, the free surface and polymer/substrate layers are enriched with PFOMA. The size of the PS cores is

found to increase with decreasing Sc-Caativity. This si

ze variation is discussed in light of recent theoretical

developments that account for the effect of Sc,@etivity on PS-CO; interfacial tension and chain stretching

of the corona versus the core.

1. Introduction

Block copolymers are exploited for a diverse range of
applications, which include templates to create periodic patterns
for nanolithography and for “bottom up” fabrication in
microelectronicd 1! Important challenges are typically associ-
ated with processing to control the long-range orientation and
lateral ordering of the nanometer-scale domains. Strategies tha
use external fields are employed such as electric figlés,
graphoepitaxy13 chemical patterned substratés!’ for thin
films, and shedf1°and temperature gradieritsfor bulk.

Liquid and supercritical C&have been shown to be attractive
alternatives to organic solvents in many polymer procedsés.
Sorption of CQ into polymers can cause significant swelling
and plasticization, lowering the glass transition temperafyre
of amorphous polymers, inducing crystallization in crystalline
polymers?2:25-28 and influencing orderdisorder transition
(ODT) temperatures and ordering kinetics of block co-
polymers?®-32 Aside from the environmentally benign properties
and easily accessible critical conditioris & 31 °C andP. =
73.8 bar) of CQ, the solvent strength of GCcan be tuned

markedly with pressure and temperature. While most research;

has focused on bulk polymer systems in Sc,&Qhe effects
of Sc-CQ on thin polymer films have received far less attention.

corona. We show that, upon annealing in a compressed solvent,

supercritical carbon dioxide (Sc-GRthe structure is inverted

and the PS chains, which formally constituted the continuous

phase (corona), now formed the core phase and the PFOMA

chains formed the continuous phase. The sizes of PS cores

increased with increasing Sc-G@nnealing temperatures at a
onstant pressure. These observations are rationalized based on
he change of interfacial tension between PS and @Owell

as the relative stretching of PS and PFOMA chains as Sg-CO

activity varies.

2. Experimental Section

In this section, the synthetic procedures used to prepare the
polymers and the processing strategies, involving Seg-&1ealing,
used to prepare the films, are described. In addition, the charac-
terization techniques, scanning transmission electron microscopy
(STEM) and scanning force microscopy (SFM), used for morpho-
logical analysis, X-ray photoelectron spectroscopy (XPS) for surface
compositional analysis, and spectroscopic ellipsometry for analyzing
the swelling of the films in Sc-Cg are described.

2.1 Synthesis of Materials2.1.1. Preparation of PSt-Br Macro-
nitiator by ATRP.A Florence (round-bottom) flask containing a
Teflon coated magnetic stir bar was charged with CuBr and
bipy(2,2-dipyridyl) (Bpy). Prior to use, the flask was vacuumed

Studies in our laboratories have suggested a strong influenceand back-filled with dry nitrogen several times. Ethyl-2-bromo-

of Sc-CQ on the sorption, on the glass transition temperatures
(Tg), on the morphological instability of homopolymer thin films,

and on the ordering transition of block copolymer thin
films.29.33-37

In this study, we show that polystyreepoly(1,1,2,2-
tetrahydroperflurooctyl methacrylate) (BSRPFOMA) thin films
spin-cast, using a cosolvent of Freon 113 and toluene, onto Si/
SiOy substrates, form micelles with a PFOMA core and PS
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isobutyrate (EtBr) and styrene (St) were then added under nitro-
gen atmosphere with the ratio of [St]/[EtBr]/[CuBr]/[Bpy]as 19.2:
1:1:3. The flask was subsequently placed in an oil bath and heated
to 110°C with continuous stirring for 24 h. After polymerization,
the reaction mixture was diluted with tetrahydrofuran (THF) and
passed through a neutral8l; column to remove the catalyst. The
solution was then precipitated into methanol, and the polystyrene
(PSt-Br) product was filtered and dried in a vacuum. The molecular
weight of polystyrene (PSt-Br) was determined to be 27 000 g/mol
by 'H NMR, with the polydispersity of 1.12 determined by gel
permeation chromatography (GPC).

2.1.2. Preparation of PSt-b-PFOMA Block Copolymer by ATRP.
PSt-Br macroinitiator, CuCl, and Bpy were placed in a Florence
flask with Teflon coated magnetic stir bar. After the flask was
vacuumed and back-filled with dry nitrogen several times, tri-
fluorotoluene (TFT) was added into the flask. The solution was
degassed with dry nitrogen, and then' 2,2 -tetrahydroperfluoro-
octyl methyl methacrylate (FOMA) was introduced to the solution
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Table 1. Characteristic Properties of PS and PFOMA in the Diblock

parameters PS PFOMA

Mn (kg/mole) 27 127
T4 (°C) 100 598

o (glcn?) 1.06 1.53
M, (g/mole) 104 432
N 260 294
y (dyn/cm) 41 <1140
volume fraction: f 0.28 0.79
volume per monomerV (nmd) 0.167° 0.389
end-to-end distance in 16% 14.53

unperturbed statele (nm)
maximum stretching lengthly, (nm) 80.% 90.9

aData provided by Dr. Gabriel Luna-Barcenas, to be publishéd=
(Mpdpp9/(Mpdpps+ Mpromal pproma). © Based on:Veroma/Ves= (leproma
ler9® = (Mopromal prroma)/ (Mopdppg). @ 1m = 2N x 1.54A,

with the ratio of [FOMA]/[PSt-Br]/[CuClI]/[Bpy] as 198:1:1:3.
Polymerization was performed at 11G in a nitrogen blanket for
37 h. After polymerization, the mixture was diluted with TFT and
passed through the &D; column. Then the reaction solution was
precipitated into heptane, and the resulting product was filtered and
dried in a vacuum for 12 h. After extraction with cyclohexane to (b)
remove unreacted macroinitiator, the polymer was filtered and dried
in a vacuum. The molecular weight of the resulting polystyrene-
b-poly(1,1,2,2-tetrahydroperflurooctyl methacrylate) (RS-
PFOMA) block polymer was determined to be 154 000 g/mol by
comparing the signal of PSt and PFOMA block id NMR
spectrum.

2.2. Thin Film Preparation and Characterization. The block
copolymer of PS-PFOMA (properties listed in Table% 4% was
dissolved using a cosolvent of 1,1,2-trichlorotrifluroethane (Freon
113) and toluene. The resulting transparent solutions have a weight  nm
concentration of 0.51% polymer and 1525% toluene. Dynamic
light scattering (DLS) measurements were performed using a
Brookhaven laser light scattering instrument (Brookhaven Instru-
ments Corp.), with a diode laser (24 mV) at a wavelength of 659 Y
nm at 20°C.

Thin films were prepared by spin-casting the solutions onto < -
silicon wafers with a native oxide layer (Wafer World Inc.), and
the thicknesses of the films were measured by spectroscopic
ellipsometry (J. A. Wollam Co., Inc.). Different thicknesses were
obtained by controlling the spin rate and concentration of the -
copolymer solutions. Samples for STEM imaging were prepared =
by floating as-cast films into water and picking up with electron 0 1.00 2.00
transparent silicon nitride windows (SPI supplies) to achieve film Mm
uniformity. ) o

2.3. Supercritical CO, Annealing. The samples (supported by ~ Figure 1. SFM topography (a) and the corresponding line scan (b) of
either Si/SiQ or silicon nitride windows) were loaded into a fixed & PSB-PFOMA film (h = 90 nm) after spin-casting from solution onto

: . - Si/SIQ; substrate. The scan sizes argr in (a) and 2um in (b). The
volume cell, which was subsequently sealed and pressurized W|thColored riangles in the topography (b) are corresponding to those in

carbon dioxide (Air Products; 99.999%) using a manual préssuré e jine scan. This particular circular feature has a diameter of 101.56
generator (High-Pressure Equipment Co.). The pressure waspm (between leftmost and rightmost triangles) and a height of 7.3 nm
controlled with a strain gauge pressure transducer (Sensotec)(between leftmost and middie triangles).
calibrated to withind=7 x 10°3 MPa. Typically, the temperature
was controlled to+0.1 °C by immersing the pressure cell into a  were performed in tapping mode using a Nanoscope IV/Dimension
water bath equipped with a temperature controller (Julabo, Inc.). 3100 (Digital Instruments). Identical morphology was observed by
For high-temperature (above 180) experiments, the pressure cell SFM for samples supported by Si/Si@r silicon nitride windows.
was wrapped by heating tapes that were connected to a temperatur€igure 1 is indicative of the micellar structure of the films formed
controller (Omega Engineering, Inc). The diblock was in a rubbery from the cosolvent; the images are discussed in further detail in
state in all conditions studied (35, 50, 75, 14D and at the Sc- the next section.
CO, pressure of 13.8 MPa). After a certain annealing period  Considerably more detail of the morphological structure of the
(varying from 10 h to 10 days), the cell was cooled to approximately film can be obtained using STEM. STEM imaging was performed
25 °C and depressurized by venting Sc-C&3 a vapor from the using a JEOL 2010F transmission electron microscope operating
top of the cell. In the process of depressurization and cooling, the at an accelerating voltage 200 kV in scanning mode, using a high-
films returned to glassy state and the morphology of the films was angle annular dark field (HAADF) detector. HAADF imaging, also
frozen. calledZ-contrast imaging, enabled observation of the species present
2.4. Morphological Analysis Using Scanning Force Micros- based on differences in atomic numbezfy @ensities, and sample
copy (SFM) and Scanning Transmission Electron Microscopy thicknesses. Thus, for copolymer samples without vapor staining,
(STEM). Morphological characterization of the films was achieved contrast was provided by the difference between the densities of
by a combination of scanning force microscopy (SFM) and scanning the two constituent blocks; the denser PFOMA regions appear
transmission electron microscopy (STEM). SFM measurements brighter than the PS domains. In some cases, samples were e@Bs\?d

-15.0
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Figure 2. HAADF—STEM images of Ru@stained PS$-PFOMA films after spin-casting: (a) a 72 nm film presenting two layers of micellar
aggregates; (b) an even thicker film with more layers of micellar aggregates. The scale bars in both images are 100 nm.

to the vapor of an aqueous Ruéblution (SPI supplies) for 5 min Table 2. Atomic Ratio between Fluorine and Carbon from XPS Data
to selectively stain the PS-rich domains. In this case, the selectively for As-Cast Films

adsorbed ruthenium compound provides brighter contrast to the PS angle sputter C F FIC FiC
phase. Figure 2 shows a typical image of an as-cast film with the samples (deg) time(s) (%) (%)  (expt) (calcd)
circular PFOMA cores and the PS corona (continuous phase). This

. . - ; PS 45 0 99.95 0.05 0 0
will be discussed in further detail later. PDHFOMA? 45 0 4329 5671 131 1.95
2.5. X-ray Photoelectron Spectroscopy (XPSXPS measure- PTHFOMAP 1.08
ments were performed on RBPFOMA films with thicknesses on PSbHb-PEFOMA 45 0 5531 44.69 0.81 0.68
the order of 100 nm using a Physical Electronics (PHI) model 5700 PSbh-PFOMA 75 0 59.40 40.60 0.68 0.68
spectrometer employing a monochromatic Aduf source. XPS PSb-PFOMA 75 5 77.93 22.07 0.28 0.68

spectra of PS (30 kg/mole, from Pressure Chemical) and poly(1,1
dihydroperflurooctyl methacrylate) (PDHFOMAM¢g = 100 kg/
mole, synthesis procedure was described else#fé@mopolymer
films were taken as references. The binding energy of the instrument . .
was calibrated by using Amp, Cupsz and Aggse Typical 3. Results and Discussion

operating conditions were the following: >4 10~° Torr chamber This section is divided into three parts. The morphology of
pressure; 14 kV; 250 W for the Al X-ray source. Survey scans the as-cast films, which form a micellar structure (PFOMA core

f 1 \Y, k ith th f 93.9 eV. o . -
é?grp\_?etszluggg eelevr;irnﬁ;fl Sir;r‘g't Oft tie"iaé;er:gggnz 8\/?;?86 and PS corona), is first discussed. In the section that follows,
Sy S

collected with the pass energy of 11.75 eV at takeoff angles of 45 the evolution of the structure during Sc-g@nnealing is

and 73 between the sample and analyzer, where the sampling depthdiscussed; it is shown that the structure inverts, wherein the PS
was estimated to be 5.7 and 7.8 nm, respectif®ljhe atomic segments constitute the cores of the micelles and PFOMA
percentages of C and F were determined using XPS peak areasegments form the corona. Finally, experiments and theory
and the appropriate instrumental sensitivity factors. To ensure thatdescribing the variation of the size of the micelles with Sc-
the samples were not damaged by long-time X-ray exposure, threeCcQ, activity are discussed.

high-resolution elemental scans were carried out subsequently, 31 Self-Assembly of P$-PFOMA Diblock into Micelle-
where the resulting C and F atomic percentages were in good"ke Aggregates in Thin Films after Spin-Casting. Typical
agreement within experimental error ranges. In some experiments,SFM image of the topography of a REPFOMA thin film

the topmost part of the samples were etched by Argorf)(Amn o . - .
sputterr)ing at% kV voltage an%p]A beam current é mﬁx 2)(mm supported by the Si/SiGubstrate is shown in Figure 1a. Figure

area) for 5 s, and high-resolution elemental scans jefa@d R 1b shows a small region of the image in Figure 1a and an
regions were then carried out. accompanying line scan. The observed circular regions possess
2.6. In Situ Swelling Experiments.Spectroscopic ellipsometry ~ an average feature height of 6 1.5 nm and an average
(J. A. Wollam Co., Inc.) was used to measure in situ swelling of diameter of 105+ 18 nm. Figure 2a shows an STEM image of
PS M, = 30 kg/mole), PDHFOMA I/, = 100 kg/mole) homo- a stained 72 nm thick as-cast sample. It is evident from this
polymers, and P&-PFOMA copolymer films (thicknesses between  figure that the micelles are composed of PFOMA cores
100 and 120 nm) in Sc-GO Detailed experimental setup and  empedded in a continuous PS (corona) matrix; the overlapping
analysis procedures had been described elsevih@tee swelling  ¢ircjar features reveal the presence of two layers of micellar
percentage was determined by the following equation assuming ;e qates across the film thickness. The existence of multiple
uniaxial swelling . . - . .
layers of micelles is evident from Figure 2b, the image of a
AV h—h, much thicker film.
Swo%= 7(%) =—f— x100% (1) Having described the internal structure of the as-cast films,
0 0 the free surface structure is now described. Table 2 shows the
Here\, is the initial volume of the filmh is the thickness of the ~ XPS results for as-cast PDHFOMA and B&FOMA films;
swollen film, andh is the initial thickness of the polymer films  three observations can be made. First, as the takeoff angle
determined by spectroscopic ellipsometry at 0 psig. increases from 45 to 75the experimentaF/C ratio for PS_CDV

aPDHFOMA: Poly(1,1-dihydroperflurooctyl methacrylate) PTHFOMA:
Poly(1,1,2,2-tetrahydroperflurooctyl methacrylate).
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Figure 3. (a) SFM topography of a PBPFOMA film (h = 88 nm) after annealing at Sc-GO’5°C, 13.8 MPa for 3 days. (b) HAADFSTEM

image of a Ru@stained P3-PFOMA thin film sample supported on SiN grid after annealing at Sg;Z6°C, 13.8 MPa for 3 days. The scale
bar represents 200 nm.

b-PFOMA thin films decreases from 0.81 to 0.68. This decrease be different from the value for bulk micellé&lt is found that,
indicates that, as expected, PFOMA chains are more segregated the contact angle between the core block and the surface is
to the free surface than PS chains due to their lower surfaceless than a universal value 6§¢ ~ 51°, then surface micelles
energy 11 dyn/cm). Second, the/C ratios for both takeoff appear at a CSMC much lower than the critical micelle
angles are either comparable or slightly larger than the theoreti-concentration (CMC) in bulk solutiot?.
cal value for P®-PFOMA. They are, however, smaller than It is evident that micelles do not exist in solution; instead,
the theoretical values for PFOMA. One would anticipate that they form during the spin-casting process. Our DLS measure-
the surface of P®PFOMA films is composed entirely of ments of the P®»PFOMA solutions showed no evidence of
PFOMA because the surface tension of PFOMA is substantially particles within a reasonable size range. Furthermore, solubility
lower than that of PS. However, our XPS data suggests thattests were performed to examine the solubility of PS and
the top 8 nm of copolymer films consist predominantly, but PDHFOMA in the cosolvent mixture. Specifically, a saturated
not entirely, of PFOMA. This is not surprising in light of the  solution of PS in the cosolvent was prepared so that adding
nonequilibrium nature of the spinning process. Third, the last one drop of Freon 113 would make the solution turbid and
XPS experiment shows that th€C ratio drops dramatically ~ another drop of toluene would make the solution clear. We found
after sputter etching of the topmost layer of the film. This large that the solubility of PS and PDHFOMA in the cosolvent is
decrease also suggests that surface PFOMA segregated layer igefinitely higher than the concentration of the solutions used
very thin and that there is a PS-rich domain below this topmost to spin-cast films, suggesting that the surface aggregates were
thin layer. Our results are consistent with the work by Arnord formed upon spin-casting. In addition, because the majority of
et al.#?% where they observed the surface of PDMAENA- the solvent used was Freon 113, a good solvent for PFOMA, it
PFOMA films consisted primarily of PFOMA and that as the is expected that any possible aggregates in the solution would
XPS takeoff angle increased, the surface concentration of possess a PFOMA shell, in contrast to the STEM observations.
PFOMA decreased rapidly. Because PFOMA chains form the Therefore, we believe that the surface BRBFOMA aggregates
core of the aggregates, the surface segregated PFOMA layemwere formed upon spin-casting due to the fast evaporation of
can be either a half-lamella-like struct(#é? or a thin layer Freon 113.
with the fluorinated side chains aligned toward the surface. The block copolymers form micelles only during the spin-
However, the thickness of this layer (less than 8 nm) is too coating process; similar results has been observed in other
small for a half-lamella layer (see Table 1). Therefore, we system$45°Lin et al. found that polystyrenb-poly(ethylene
conclude that a few nanometer thin PFOMA layer, with the oxide) (PSk-PEO) formed ordered arrays of cylindrical domains
fluorinated side groups facing outward, resides at the free perpendicular to the substrate after spin-casting from a benzene
surface. solution®® This ordering of P$-PEO after spin-casting can
The micellar formation process is now discussed. Amphiphilic be attributed to two factors. First, benzene is good solvent for
block copolymers are known to self-organize into aggregates both blocks, hence the diblock was phase mixed in the solution.
in water or in selective organic solvents. The adsorption or Second, the interfacial tension between PS and PEO blocks
covalent attachment of block copolymer micelles to solid increases abruptly as benzene evaporates during the spin-casting
surfaces has attracted appreciable attention, experimentally,process, leading to the formation of phase-separated domains.
during the past decadé-5® Theoretical work has been rare, For the PS-PFOMA system, upon spin-casting, Freon 113,
and the effects of interfaces and confinement on the structurewhich possesses a larger vapor pressure (285 mmHg&)20
of spherical micelles are not well understood. Work by Liquore evaporates at much faster rates than toluene, with a vapor
shows that, unlike micelles in solution, the structures of surface pressure of 22 mmHg at Z&«. Hence, with the evaporation of
micelles can be strongly affected by an absorbing solid surface,Freon 113, the quality of the solvent becomes progressively
and that the critical surface micelle concentration (CSMC) can poorer for the PFOMA block and the effective concentrat&)BV
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Figure 4. (a, b) HAADFSTEM images of a PB-PFOMA thin film sample supported on SiN grid after annealing at S¢;@6°C, 13.8 MPa
for 3 days. (c) The size distribution of PS cores in (a).

of the copolymer increases above the critical micelle concentra- The structure of the film was confirmed by STEM images
tion (CMC), leading to micellar formation. of unstained films (without Rugstaining, the contrast between

In summary, the combination of SFM and STEM images PS and PFOMA is only strong enough to show one layer of
indicates that P®PFOMA films self-organize into spherical ~Mmicellar aggregates), as shown in Figure 4a and b. The denser
micelle-like aggregates with PFOMA composing the core after (higher Z) PFOMA regions (1.53 g/mL) of the film should
spin-casting. The XPS data revealed the existence of PS-richappear brighter than the PS regions (1.06 g/mL). Figure 4a
domains below a thin PFOMA-rich surface layer, with thickness clearly shows black circular features in a bright, hazy matrix,
much less than one-half the domain spacing. further confirming that PS constitutes the cores after Sg-CO

3.2. Effects of Supercritical CO, Annealing on the Mor- anneali_ng. It is evident that G@nnealing _is also responsible
phologies of PSb-PFOMA Thin Films. 3.2.1. Irversion of for an increased degree of lateral ordering, as shown by the
the Core-Shell Composition of PS-b-PFOMA Aggregates in "'NY that appears in the FFT of the mage_(thg inset in Figure
Sc-CQ. Upon Sc-C@ annealing of the as-cast film, the structure 4{11). Detailed size measurements (size dlstrlbutlon shown in
underwent an inversion: the PS chains now constituted the coresFigure 4c) of Figure 4a gave an average diameter of PS core
Figure 3 shows both the SFM and STEM images oftPS- and center-to-center distance betweer_1 two cord3 &s85 +
PFOMA samples annealed in Sc-€& 75°C, 13.8 MPa. The 12 nm, andL = 115+ 15 nm, respectively, and the nearest-
SFM image (Figure 3a) of the Sc-G@nnealed film shows neighbor distance obtained from Fourier transform (FT) Wwas
topography of random arrays of circular features, very similar = 110 nm.
to those before Sc-C{annealing. However, the RuGtained Table 3 compares the XPS results of Sc:GDnealed PS-
Z-contrast image (Figure 3b) reveals that the darker PFOMA b-PFOMA films with those after spin-casting. It is clear that
domain forms the matrix (corona) of the film, whereas the the F/C ratios at both takeoff angles increase upon S¢-CO
brighter stained PS chains form the cores of the spheres in thisannealing, suggesting that the surface of the Se-&thealed
multilayered structure. This reversal in cerghell composition films is pure PFOMA. In addition, th&/C ratios for Sc-CQ
is not surprising due to the fact that Sc-£©a selective solvent  annealed films were even larger than the calculdt&i ratio
for fluoropolymers® for PFOMA homopolymer, indicating that the perquorocarbeBV
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Table 3. Atomic Ratio between Fluorine and Carbon from XPS Data (a)
for PS-b-PFOMA Films after Sc-CO;, Annealing at 75°C and /, 4/ \F,
/ (V' Yoyt oI
13.8 MPa RN 7 \\WHE2 N
F/C ratio -\:\ N \\ PEOMA
XPS takeoff after after CQ calcd for calcd for ~N J ~ _// \_“’ j
angle (deg) spin-casting annealing the diblock PFOMA 5 oy PS
}}\5\\ 1 //f\‘?}\ [ $ /j'f h\\\ﬂ 15 /j g
45 0.81 1.13 0.68 1.08 W\ ™
75 0.68 1.31 ]

side chains are more biased toward the free surface due to the

strong affinity between PFOMA and GO (b)
We conclude this section by first pointing out that, in addition

to the free surface, a layer of PFOMA resides at thebPS-

PFOMA/SIQSi interface due to the carbonyl groups. This is

the same reason the PMMA component of a lPBMMA

diblock preferentially wets Si@Si2957.58 Second, the strong

affinity between PFOMA and the Sc-G@ads to a reversal of

the internal coreshell composition of the micelles. The

schematics in parts a and b of Figure 5 summarize the structures

of the as-cast and the Sc-g@nnealed f_llms, respectively. Figure 5. Schematic representations of the BBFOMA surface
3.2.2. Shape of the PS-b-PFOMA Micellar Aggregalese aggregates after spin-casting from the solution onto SySiMstrate

micellar size and shape are now discussed. Following the work (a) and annealing under Sc-€(b). Light-blue chains are PFOMA,;

by Eisenberg and co-worket$,the size of a typical block red chains are PS. Note in (a) an ultrathin layer of PFOMA segregated

copolymer micelle can be estimated from the degree of layer (with the fluorinated side groups aligned toward the outer face)

- - [ is drawn on free surface. On the substrate interface, a layer of highly
stretching,&, of the core block and is specified by deformed PFOMA cored hemimicelles is drawn due to the strong

interaction between the carbonyl group and SiO

SN SN L RS

D
S=5 (2 . . .
2, in the diameter of PS core. Thus, the effect of &@elling on

the measured PS core sizes after,@®sorption is negligible

Here,D is the diameter of the micelle cores. For the micelles
with PS cores in Figure 5k, denotes the end-to-end distance
of PS block in an unperturbed state and is listed in Table 1.

and within experimental errors. On the other hand, PFOMA
swells substantially more in GQand the length of the corona
is highly underestimated from the ex situ STEM measurements.

For most block copolymer micelleS; is found in the range of 3.3. Effects of Supercritical CQ, Annealing Temperature
0.7-1.53° Thus, a maximum value d of 2 x 1.5x 11=33 on the Core Sizes of P®-PFOMA Aggregates.In this section,

nm is expected for PS cores. However, the experimentally the effects of Sc-C&annealing temperature on the morphologies
determined values of the PS core diameter in Figure 4a is 850f the copolymer films are examined, experimentally and
nm, more than twice the calculated value. This discrepancy cantheoretically. Parts -ad of Figure 6 show STEM images of
be explained by the deformation of spherical micelles confined unstained P®-PFOMA films annealed under Sc-G@t four

on a solid substrat®. This increase in size can be understood temperatures while the pressure was fixed at 13.8 MPa. It is
by the fact that the carbonyl groups of the PFOMA chains at clear that, as the Sc-G@nnealing temperature increased from
the substrate have a strong affinity to the polar SifSR57-58 35 to 140°C, the sizes of the PS cores increased continuously,
Consequently, the micellar cores develop an ellipsoid-like shape,as seen in the increase Bf L, and| (Figure 6e).

wherein the height of the ellipsoid is smaller than its radius on ~ To further understand the effect of Sc-g@mperature on
the plane parallel to the substrate (the core radius measured fronrelative swelling of the two blocks, the swelling isotherm for
the Z-contrast images is the major axis of the ellipsoid-like PS, PDHFOMA homopolymer thin films in Sc-G@t 35 and
aggregates, which is highly extended due to this confinement 50 °C was measured by in situ ellipsometry (Figure 7a). At a
effect). The minor axis, only observable from cross-section constant pressure, as temperature increases from 35 16,50
imaging (not performed in this study), should be approximately the swelling for PDHFOMA decreases appreciably. On the other
equal tole. It is noteworthy that this deformation of the spherical hand, the change in swelling of PS films with temperature is
micelle cores is analogous to the phenomena that the volumevery small. It is noteworthy that both curves at 35 show
pervaded by a polymer chain changes from a spherical to anomalous swelling peaks in the regions where the compress-

ellipsoidal shape when confined in ultrathin filrfs.
Before concluding this section, the effect of rapid Od&-

ibility of Sc-CO, is at maximum. These unique anomalous
swelling maximum of polymer thin films in Sc-GOwas

sorption on the aggregate size is discussed. Ex situ ellipsometrydiscovered by Sirard et 8.and will be examined into further

measurements of PIBSPFOMA films showed a thickness
increase of about 1218% after annealing at 7% in Sc-CQ.

detail in a subsequent paper.
The swelling isotherms can be plotted against S¢-&ivity

Although this degree of swelling is measurable, it is much lower to combine the effect of both temperature and pressure (Figure
than the swelling ratio of 47% determined by in situ ellipsometry 7b). As has been discussed in our previous work, the swelling
on PSb-PFOMA films under the same condition. We expect of a rubbery polymer in Sc-CQOis only dependent on CO
that, upon desorption of GQthe diblock films rapidly cross  activity.36 Because thd, of PFOMA is only 50°C at ambient

the glass transition and become “frozen”. The “frozen” PS core conditions and is even more depressed under Sg-@i@
would, therefore, have a size somewhere between the puredifference between the two isotherms of PDHFOMA films is,
unswollen PS and the GOswollen PS. For PS, in situ  within experimental error, not observable. Regarding the PS
ellipsometry experiments at 7& and 13.8 MPa give a swelling  phase, the differences between the two isotherms below the
ratio of about~9.3%, which corresponds to an increase of 3% respectivePy values$® are also not obvious due the relativeé)bv



7050 Lietal.

Macromolecules, Vol. 39, No. 20, 2006

20 40 60 80 100 120 140

—
E T T T T T T T
S 120- . 120
S
o 1 L4 A b
£
T 110 A 4110
o
C - -
c
@ 1004 -4 100

o™
g . -
S - -
o 90 90
£ : -
7]
e 80 - - 80
()]
P ] : .
% o = Diameter of PS core (D)
- 07 e Center-to-center distance of the PS core (L)
8 : = 4 Nearest neighbour distance from FFT (I)
()] v T ’ T v T v T ’ T v T i
N 20 40 60 80 100 120 140
w

CO, annealing temperature °C)
(e)

Figure 6. HAADF—STEM images of P&PFOMA samplesi{ ~ 150-200 nm) after annealing under various Sc0Onditions. The annealing
conditions are as the following: (a) 3&, 6 days; (b) 50C, 3 days; (c) 75C, 3 days; (d) 140C, 25 h; the CQpressure was fixed at 13.8 MPa
(2000 psig) for all temperatures. (e) The sizes of PS cores measured fraij da increasing COannealing temperature. Typical error bars for
the diameter of PS cores are-113 nm and those for the center-to-center distance of the PS cores-at® hn.

large normal axis scale. On the basis of the experimental Most theoretical models for micellization of block copolymer
conditions in Figure 6ad, both blocks are expected to be can be divided into two categories: “mean fiéi"and
rubbery33 and the swelling of each block may be estimated from “scaling™?! theories?3:64 We will follow the “scaling” model
the corresponding C{activities, listed in Table 4. Itis evident  developed by Zhulina et 8k to examine the contribution of
that the sorption difference between PS and PFOMA i, CO each energy term in the total free energy of the micelles,
decreases with increasing temperature at constant pressure. especially the effects of core and corona chain stretching on
Thus far, we have shown that both the size of PS cores andthe micelles sizes. This “scaling” model developed by Zhulina
the relative swelling ratio of PS versus PFOMA increase et al®! is constructed so that we can redefine part of the
gradually with increasing C£annealing temperature at constant contribution to core size dependence into a new term that
pressure. Next, we will explain these results based on the characterizes the relative stretching between corona and core
classical scaling theory for the formation of block copolymer chains. It is particularly instructive to examine the dependence
micelles in a selective solvent. It is well-known that the growth of core sizes on this new term given the effect of Sc,©@
of the micelles is driven by the high surface tension between chain stretching.
the core block and the solvent. As micelles grow, the corona We consider a flexible A-B diblock copolymer withNa,
chains will become highly stretched and the repulsion of the Ng > 1 and with respective monomers sizesaaf and ag,
swollen corona chains will increase. An entropy loss will thus selectively, dissolved in a good solvent for A. The free energy
arise as an opposing effect against the micelle growth. For of a block copolymer Ab-B spherical micelle in the solution
starlike micelles, it is the balance of the two dominant is
contributions to the free energy of a micelle (the elastic energy
of corona and the surface energy of the core) that governs the
equilibrium micelle size as well as the aggregation number,
whereas the elastic energy of the core is often omftted.

F=F,+Fg+Fg ©)

Here,Fg, Fs, andFa are the free energy per chain of the micel Vv
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Figure 7. (a) Swelling isotherm for PS and PDHFOMA (for simplicity,
indicated by PFOMA on the plot legends) films in Sc-C(®) Swelling
vs CQ activity for PS and PDHFOMA films.

core (composed by B), of its surface, and of the corona
(composed by A). The elastic free energy per chain for the
micellar core due to the stretching of B chains compared with
their unperturbed state®is

Fg = 37°1%/80pgNg (4)
Here,r = R/ag is the dimensionless radius of the coRres the
radius of the spherical core, amg is the ratio between the
Kuhn segmentg and the monomer sizas (ps = lg/ag).

The following two assumptions are made: (1) the micellar
core composed of B block is partially swollen by the poor
solvent; (2) the volume fraction of B block in the micellar core
is denoted byD, which does not depend on the distaddeom
its cente®! Then ® can be represented by the following
equatiorf!

@ = 3Nga;*/(R9 (5)

Structural Inversion of Micellar Block Copolymer Films7051

Here,¥ is the surface free energy per unit area and yag? is
the surface free energy per arag, both divided bykT.

The equilibrium structure of the corona is determined by the
balance between the elastic stretching and the repulsive interac-
tion of the A block. Here, the corona of the micelles can be
regarded as a melt of correction blobs (region of nonoverlapping
chains), which has a thermal energykdt Then free energy of
the corona may be given By

112
~ 3 P
vCer (3NB)

a\v | 3N, \@—1)/(2)
1+%(£) CHNAr<1‘3”>"2“)(—B) ] @)

Fa
T

In D

Here, v is the scaling exponent and is equal®tgin a good
solvent. Ck and Cy are solvent dependent coefficients. The
thickness H, of the corona is given 5y

1{as U 3w 3NB (v=l(2)| v
HzR{ 1+;(—) CHNAr(13)(2)? -1

9
Combining eqgs 7 and 8, one obtdihs
= éFrslz(a%B)m In(g + 1)
Hence, the total free energy of block copolymer micelles is
+ éFrs’Z(s%B)m In(% n 1) (10)

If we assume thaf = H/R, which is the ratio between corona
thickness and core radius, thércan be related to by

a,\ 3N, \—D)/(2)
1 _'_%( é) CHNAr(lSU)I(ZU)(_B)

Fa

kT ©)

3Ngy
or

E B 3.77,'2I'2

KT 80pgN;g

v

E= 5 —1 (11)

& is, alternatively, proportional to the ratio between the degree
of stretching for the corona and core chains. Recalling that Sw%
= (AVIVp)%, we have

_H_ (H/HO) x i)z(wvo—coronamx Hy
i R Ro (V/\/O)(:orell3 R
SWO/CEOrona"' 100%\173 HO
x = (12)
SW0re T 100% R,

Here,Ho/Ry can be calculated from the ratio between PFOMA
and PS’s end-to-end distance in unperturbed states (Table 1).
By minimizing the free energy per chain with respect to the
dimensionless radius of the cordeq 10), we can obtain

OF _ 3ar  3Ngy 3. ipf @ \12
or 20N, @p? +ZCFr (3'\'5) In(§ +1)+
A oapf @2 1 o¢+1)
o (3NB) G+ or W

wheres is the surface area per chain. Thus surface free energy|f we assume that > 1 (H > R), then (ref 61 made the same

per chain i§!

3Ngag
@R

Fs
=

ys=y(dag’) =y (6)

assumption in the Appendix 1.1 section)

oE+1) (1-3w¢
or 2 r

(14)
CbV
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Table 4. Swelling % of PS and PFOMA in CQ, under Four Conditions

% swelling % swelling K = (Sw%proma + 100%)/

T (K) P (MPa) CQ activity (PS) (PFOMA) (SW%ps+ 100%) K3
308 13.79 1.036 7.6 138 221 1.30
323 13.79 1.032 9.4 127 2.07 1.27
348 13.79 0.957 933 63 1.49 1.14
413 13.79 0.701 533 212 1.15 1.05

aThese swelling ratios are based on the estimation from Figure 7b.

For starlike micelles, the stretching free eneFgyof the core Table 5. Estimation of the Interfacial Tension between PS (27k) and

block can often be neglected. Thus, eq 13 can be further O

simplified as T P CO, y(PS158k) y (PS1.85k) y (PS 27Kk)
(K) (MPa) density (dyn/cm) (dyn/cm) K& (dyn/cm)
SF 3NgY 3 A g @ |12 308 13.79 0.799 8.6 25 9.7 7.9
or = 2 7o = 3NL 323 13.79 0.666 9.4 3.1 10.1 8.6

or B 348 13.79 0.406 12.1 5.3 10.8 11

N O \12f1—-3 413 1379 0.223 16.6 10.5 9.6 16

In(&) + Gt = “1=0 (15)
3Ng 2 aBased ony =y — KdM23, Ko = (y1 — y2)l(M128 — My25).
Hence Table 6. Effect of CO, Annealing Temperature on the Sizes of
Micelles Cores

2y\25 3Ng\%/® 1 2/5 y \2/5 Ng\3/5 T P D y (PS27K) E=KWx yl(In &)

r~ = —_— P EEEE—— ~ = — K MPa nm dyn/cm Ho/Ro)? [ dyn/cm
(CF) (q)) (3In§+(1—3u)) (Iné) (Q)) (K) (MPa) (nm)  (dynicm)  (Ho/Ro) (dyn/cm)

16 308 13.79 65 7.9 1.79 0.93 14

( ) 323 13.79 72 8.6 1.77 0.91 15

) ) ) 348 1379 85 11 1.57 0.92 24

Please note here that eq 16 is equivalent to eq All.2 in ref 61, 413 13.79 95 16 1.44 0.95 44

except that we indicate explicitly howwaries with the relative 2 HyRo ~ 1.38, from the ratio between PFOMA and PS's end-to-end
stretching between corona and core chains by introducing the gistance in unperturbed states.

new term,5. The aggregation number (total number of chains

per micelle)Q is given by 10 15 20 25 30 35 40 45

95 3

_ 47rr3CI) N L)B/S(% )4/5
Q= 3Ng (m(g) ) (17) 90

Equation 16 indicates that the micelle core will grow under
one of these three conditions: (1) as the interfacial tension
between the core and solvemt, increases; (2) as the volume
fraction of B block in the swollen coredp, decreases, or
equivalently as the swelling of core block by the solvent
increases; (3) as the relative degree of stretching between_
corona and coré, decreases. Although the first two conclusions
seem quite intuitive, the last one, which shows that the size of .
micelles is strongly dependent on the relative stretching of & 65 7 R 1%

corona and core chains, has not been discussed in previous R T
studies 10 15 20 25 30 35 40 45

7 D~(y/In(2))"”'

75 4

of PS core in CO,
3

D (nm)

iamete

To compare the above prediction with our experimental y/Ing (dyne/cm)
results, we first estimated the interfacial tension between PS Figure 8. The diameters of PS cores after Sc-G@nealing measured
(27 kg/mole) and CQ y. Different values ofy associated with ~ from STEM images vsy/In(é), wherey is the interfacial tension
different molecular weights of PS have been repoféfand between PS and GQand& = H/R is the relative stretching between

. . o . corona and core chains. Squares are experimental data, whereas the
interfacial tension is strongly dependent on molecular weight solid line, with a slope of 0.31, is the linear fit. The broken line has a

such that’ slope of 0.4, on the basis of eq 16.
Ke

_ (18) smaller than that of PS. As the GQ@ctivity decreases, the
M3

difference in cohesive energy densities of £dd PS grows,
consequently increases.

Here,Kcis a constant ang.. is the interfacial tension at infinite Table 6 summarizes the values §r® (obtained from Table
molecular weight. On the basis of eq 18, we estimated the values4), andy. BecauseP does not change significantly with GO

of y from two reported PSCO; interfacial tensions, as shown annealing temperature, its effect ortan be neglected. From

in Table 5. Here the reference values/dbr PS (158 kg/mole) Table 6, it is clear that, as the G@nnealing temperature
and PS (1.85 kg/mole) at the four @@ensities were estimated increases, or as CQactivity decreases; increases while the
from Figure 9 in ref 66 and Figure 4 in ref 65, respectively. relative stretching between corona and core chdnddcreases.
Consistent with both references, Table 5 shows that the From eq 16, both factors will cause the size of PS cores to
interfacial tension between PS and £@, increases with increase, consistent with the STEM images. In Figure 8, the
decreasing C® activity. This trend can be understood by measured diameters of the PS cdde,are plotted versus the
considering that the cohesive energy density of, @Omuch estimated values of/In(&). CDV

A ™
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