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ABSTRACT: We have investigated the inverted phase formation and the transition from inverted to normal
phase for a cylinder-forming polystyreidsckpoly(methyl methacrylate) (PB-PMMA) diblock copolymer in
solution-cast films with thickness about 300 nm during the process of the solution concentrating by slow solvent
evaporation. The cast solvent is 1,1,2,2-tetrachloroethane (Tetra-CE), a good solvent for both blocks but having
preferential affinity for the minority PMMA block. During such solution concentrating process, the phase behavior
was examined by freeze-drying the samples at different evaporation time, corresponding to at different block
copolymer concentrationg,. As ¢ increases from-0.1% (v/v), the phase structure evolved from the disordered
sphere phase (DS), consisting of random arranged spheres with the majority PS block as a core and the minority
PMMA block as a corona, to ordered inverted phases including inverted spheres (IS), inverted cylinders (IC),
and inverted hexagonally perforated lamellae (IHPL) with the minority PMMA block comprising the continuum
phase, and then to the lamellar (LAM) phase with alternate layers of the two blocks, and finally to the normal
cylinder (NC) phase with the majority PS block comprising the continuum phase. The solvent nature and the
copolymer solution concentration are shown to be mainly responsible for the inverted phase formation and the
phase transition process.

The phase behavior of block copolymer thin films has been ~ 5.0 and~ 1.9 GPa, respectively) and large differences in
studied for many years and continues to be an active area ofthe glass transition temperaturel, of PS and PB are-100
research in both experimental and theoretical points of vief. and ~—80 °C, respectively’), this characteristic makes the
It has been well established that block copolymers can self- effect of solvent on the formation of inverted phase more
assemble into spheres, cylinders, lamellae, or bicontinuouscomplicated. As simulated by Yang et #l.the viscoelastic
double diamonds, depending on the volume fraction of the effect of a block in diblock copolymers is expected to be largely
componentsf. Moreover, with the same material, different responsible for the observed deviations from normal phase
morphologies can be observed in response to the film prepara-separation. On the other hand, based on the mean field theory,
tion conditions, such as the application of external fiélds, one can speculate that there must be a multiple transition from
type of solvent use#;1® amount of solvent uptak&'>1° solvent inverted to normal phase, i.e., from A-rich microdomains
evaporation raté3-1519and film confinement condition's;16.25.26 dispersed in a B-rich matrix to B-rich microdomains dispersed

The preparation of block copolymer thin films under various in an A-rich matrix, involving the interfacial curvature alter-
solvent evaporation conditions turns out to be an effective and ation! Therefore, an in-depth understanding of the inverted
direct method to control the microdomain structure€.During phase formation as well as the transition to normal phase with
such a sample preparation process, the nature of the solvent ishe copolymer concentration increasing continues to be a
one of the key factors that determine the resultant microstruc- fascinating and stimulating area.
tures. By annealing the block copolymer thin films in the vapor  In the present paper, we extend our investigation to another
of different solvents, one can access different morpholdifles. block copolymer to explore the mechanism of inverted phase
Moreover, by using different casting solvents, various metastableformation and the transition process from inverted to normal
morphologies deviated from the thermodynamically equilibrium phase. To avoid a large difference in characteristics between
morphology can be achieved in block copolymer thin fiffs. the two blocks, a different kind of material, the BSRRMMA
Among them, the inverted phase (the minority blocks comprising block copolymer, was selected in this work, where both PS and
the continuum phase) uncovered by our group in cylinder- poly(methyl methacrylate) (PMMA) blocks have comparable
forming poly(styrene-butadiene-styrene) (SBS¥~1°and poly- glass transition temperaturefy(of PS and PMMA are~100
(styrene-butadiene) (SB$14block copolymers is an intriguing  and ~105 °C, respectivel§’) and bulk modulus (bulk moduli
finding since the observation evidently differs from numerous of PS and PMMA are-5.0 and~5.1 GPa, respectively). We
of publications dealing with cylinder-forming block copolymer  convinced that the similar phase behavior observed in rather
thin films. Moreover, with the copolymer concentration increas- different kinds of materials can reveal information on the general
ing, the inverted phase can transform back to the normal phaseconcept of nature. The solvent chosen for the current study is
(the majority blocks comprising the continuum phaSehlow- 1,1,2,2-tetrachloroethane (Tetra-CE), a good solvent for both
ever, in the experiment, the two components of the block blocks, but which has a preferential affinity for the PMMA
copolymers used have large differences in the viscoelasticity block. The advantage of the solvent is that it has a higher boiling
(bulk moduli of polystyrene (PS) and polybutadiene (PB) are temperature and a lower vapor pressufg+ 146 °C; vapor

pressure~ 6.1 mmHg at 25°C29), which make the solvent

* To whom correspondence should be addressed. E-mail: tbhe@ciac.jl.cn.evaporation quite slow. That is, it allows us to investigate in
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Table 1. Phase Structure Features of the Solution-Cast Film as a Function of Copolymer Concentratidn
copolymer concentratiop (% v/v) 0.1 1 10 13 16 30 40 43 55 282
phase structure DS DS IS IS&IC IC uIC IHPL LAM LAM NC

aKey: DS = disordered spheres; IS inverted spheres; IG inverted cylinders; UIC= undulated inverted cylinders; IHPE inverted hexagonally
perforated lamellae; LAM= lamellae; NC= normal cylinders.

more detail of the phase sequence from inverted to normal with a pump; and the frozen solvent was then sublimed in a vacuum
the copolymer concentration increasing. Under an extremely (10~ Torr) for 2 days to obtain a solid-state sample. To keep the
slow solvent evaporation rate (to eliminate the morphologies samples in the frozen state, the airtight chamber will be immersed
controlled by kinetics of solvent evaporation and meanwhile to in liquid nitrogen in the whole freeze-drying process. o
obtain the equilibrium normal phase after complete solvent At the same time, to measure the copolymer concentration in
evaporatioff), we apply the freeze-drying method to detect the the solution-cast film at different evaporation times, reproducible
details of the phase behavior. During the solvent evaporation, experiments were performed at the given times. The concentration
the concentration of polymer solution gradually increases, as it ¢ was calculated by weighing the loss of the films and giverxby

. . ; ! = (Wil pp)/ (W — W)/ ps + Wr/pp)) x 100%, assuming additivity
must experience a process from dilute solution to concentratedyt olumes, wherahs is the weight of block copolymer in the cast
solution before formation of a solid thin film. In this way, the  sojution calculated from the initial solution concentration and the
morphologies frozen at different times correspond to kinetically volume of cast solutionWV is the weight of the cast solution
freezing-in phase structures at different block copolymer measured at different evaporation time, gndand ps are the
concentrationsy; i.e., the morphology observed in the solution- densities of the block copolymer and the solvent, respectivedy. (
cast films can be considered to be the memory of the domain ~ 1.08 g/cni assuming additivity of volumes of PS and PMMA,

structure which existed in the solutiéf. pes = 1.05 g/cmd, ppuma = 1.17 g/cnd, andps = 1.6 g/cni.)?7 29
A curve of the average calculated concentration of several
Experimental Section reproduced experiments as a function of solvent evaporation time
was plotted, as shown in Supporting Information in Figure S1. The
Materials. The block copolymer used in this paper,:Rb- polymer concentration at different evaporation time can be obtained

PMMA 460 (the numbers in subscript refer to the number-average conveniently from the curve.

degree of polymerization of each block), with polydispersity |nd¢x Instruments. The tapping mode atomic force microscopy (AFM)
1.10 was purchased from Polymer Source Inc. and used as receivedpeasurement was carried out on a commercial SPA-300HV/
In the bulk, the copolymer is expected to adopt a hexagonal gpi3800 N with an SPI 3800 N controller (Seiko Instruments Inc.,
microstructure with PMMA cylinders embedded in a PS matrix. Japan). The AFM cantilever (spring constant 2 N/m, Olympus Co.
A solvent 1,1,2,2-tetrachloroethane (Tetra-CE) was employed 10 janan) was driven to oscillate-at70 kHz, close to the cantilever’s
dissolve the copolymer. The relative affinity of the so.lvent for each |esonant frequency. More than five regions (include edge and
block can be estimated from the polymeolvent interaction  center) of each film were examined and no significant changes of

parametersyps. tewra-ce= 0.435< 0.5 andypmma-terra-ce= 0.374< the morphologies is observed even though there is some thickness
0.5 at room temperature-(25 °C). That is, Tetra-CE is good for  \5iation in the films.

both blocks but has a preferential affinity for the minority PMMA
block. (That Tetra-CE is a good solvent for PS has been con-
firmed by Cantor et al% The expressionp.s = 0.34+ Vg(0s —
0p)?/RT?" is used in calculating the polymesolvent interaction
parameters, wher¥s is the molar volume of the solvent (104.9
cm®¥mol for Tetra-CE) R is the gas constari, is the temperature,
andds anddp are the solubility parameters of solvent and polymer.
In the present system, the solubility parameters of solvent and
polymers are)s = 20.1 (J/cn)2, dps= 18.6 (J/cm)2 anddpmma
= 19.2 (J/cm)'2, respectivelyz’ -2

Sample Preparation. In the experiment, the copolymer was
dissolved in Tetra-CE to produce a solution with initial copolymer
concentrationp ~ 0.1% (v/v). Such low initial concentration
enables us to conveniently follow the concentration increasing
process by the solvent evaporation and correspondingly to follow
the phase structure evolution process. For freeze-drying experiment
a 40uL pipet was used to cast equal-sized droplets of the solution
onto carbon-coated mica. After complete solvent evaporation, it ;
results in a film with thickness of ca. 300 nm, which is much thicker g]ned-lt—iw PT/III(\:/Ingp:ﬁgQZ ggiseear;ge(gr%(;rte. the PS phase appears dark
than the boundary effects extending distance about one microdomain
spacing,~67 nm for the present block copolym®&rAn extremely
slow solvent evaporation condition was adopted, which was
achieved by allowing the solution-cast films to be exposed in a  As is known, the control with different solvent evaporation
Tetra-CE vapor atmosphere (a few drops of Tetra-CE were precasttimes leads to frozen-in microstructures corresponding to
around the substrate) in a small dish completely covered with a different block copolymer solution concentratiogs!3 On the
lid. The longest time when the as-cast solution was completely dried pasis of the relationship between the calculated copolymer

atroom temperature is approximately 20 days. During the solution- . cenration of the sample and the evaporation time (Figure
to-film process, we select different evaporation times to freeze-in S1), we will describe the film morphologies in a sequence where

the transient phase structures of solution-cast films, which corre- th | tration is i . The oh truct
sponds to kinetically locking the phase structures at different € copolymer concentration IS Increasing. he phase structure

solution concentrations;. This procedure was performed by using  features of the films are summarized in Table 1. As is shown,
liquid nitrogen to quench the small dish when time is reached, so With the copolymer concentration increasing, complex phase
that the samples were frozen-in in a few seconds. Finally, the frozen behavior including disordered sphere and various inverted and
samples were transferred to another airtight chamber connected withnormal phases was observed. The results can be dividedCiB@

Transmission electron microscopy (TEM) experiments were
conducted on a JEOL 2010 electron microscope, operating at 200
kV accelerating voltage in a bright-field mode. For plain-view TEM
microscopy, the films were floated off from carbon-coated micas
in distilled water and collected onto copper TEM grids. For cross-
sectional TEM microscopy, some portions of the floated film were
collected on a piece of epoxy and dried. After staining with RuO
and vacuum evaporated a layer of carbon on the copolymer film,
the epoxy piece together with the copolymer film were embedded
in epoxy and subsequently cured at 35, 45, an8iGfor respective
12 h. The carbon coating can simultaneously prevent swelling of
the copolymer film by the uncured epoxy and enhance adhesion at
the epoxy-copolymer interface. The ultrathin sections with ca. 70
nm thickness were microtomed using a LEICA Ultracut R micro-
tome and a glass knife at50 °C and were collected onto carbon-
coated copper TEM grids. All TEM samples were then stained by
exposure in Ru@vapor to selectively stain the PS block, so in all

Results
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-"Q' ¢ diameter of the spheres determined from the TEM micrograph
' in Figure la is 85t 5 nm.

Comparing the volumes occupied by PS and PMMA in the
TEM micrograph in Figure 1a, PS evidently occupies more
space than PMMA, which is consistent with the composition
of the bulk copolymer that PS is the majority block, even though
the film clearly develops a structure which can only be formed
for a PS included phase due to the preferential affinity of solvent
for the minority PMMA block as depicted above. Nevertheless,
one may argue that the fact that the PMMA occupies less space
is related to the PMMA probable degradation in the electron
beam. In fact, there are few wofRsknown to observe the
probable PMMA degradation in the electron beam during TEM
measurements. Meanwhile, whether such degradation of PMMA

o

b4 TS NTE @ block occurs or not, there was no report of a change in phase
O e e structure resulting from the degradation of PMMA. Therefore,
: : @~0.1% 200nm we deem that the phase structure measured by TEM is the actual
i structure of the sample.
b & The disordered sphere phase persists with the number of

spheres increasing as the copolymer concentration increases.
Figure 1b shows the TEM micrograph of the film obtained at

@ ~ 1% (v/v). Obviously, the spheres have been locally close-
packed.

The number of spheres continues increasing until the con-
centration of the copolymer attaigs~ 10% (v/v), at which a
compact morphology was observed. The in-plane and cross-
sectional TEM micrographs of such a morphology are shown
in Figure 2a. The in-plane view of the film (Figure 2a) shows
a morphology of dark spherical PS microdomains with average
diameter of 85 nm packed hexagonally dispersing in a matrix
o hat'y of bright PMMA. The cross-sectional view of the film (the inset
in Figure 2a) also reveals that PS forms spherical microdomains
with diameter of 85+ 7 nm, which are embedded in a PMMA
matrix. The bright layers at both top and bottom interfaces

@~1% [ 200nm between the epoxy embedding medium and the film in such a
Figure 1. (a,b) Bright-field TEM micrographs of the solution-cast film ~ Cross-sectional micrograph are the electron beam transmitted
freeze-dried at different copolymer concentrations as indicated, which carbon coatings. The cross-sectional micrograph also shows that
show the disordered sphere phase. Before imaging, the samples werghe total film thickness is ca. 35880 nm and that the structures
selectively stained by RuOTherefore, the dark regions are PS and panyeen the surface and the interior of the film are uniform.
the bright regions are PMMA. A .
Therefore, the phase structure as shown in Figure 2a obtained

four parts according to the microstructure characteristics: the & ¢ ~ 10% (v/v) should be inverted spheres in which the

disordered sphere phase structure in Figure 1, the inverted phasémno_rity PMMA block forms the continuum phase.®
structures in Figure 2, the lamellar phase structure in Figure 3, With further concentration of the solution, the PS spheres

and the normal phase structure in Figure 4. elongated and coalesced to form PS cylinders. The TEM
Figure 1a displays the TEM micrograph of the solution-cast micrograph of the film obtained from the concentrationyof-
film freeze-dried at the initial concentratian ~ 0.1% (V/v). 13% (v/v) in Figure 2b shows the coexistence of the PS spheres,

At this concentration, the film is characterized by random elongated PS spheres, and PS cylinders. And at the concentration
arranged dark circular objects. Since the phase structure of ag ~ 16% (v/v), a predominant in-plane PS cylinder phase
film obtained by freeze-drying can be considered to representappeared. The in-plane and cross-sectional TEM micrographs
the memory of the phase structure that existed in soldfion, ©f such a morphology are shown in Figure 2c. The in-plane
the geometry of the objects should be Spherica| in low view of the film in Figure 2¢c exhibits PS Cylindrical micro-
concentration solutions to make the interfacial energy the domains dispersing in a PMMA matrix. The cross-sectional view
lowest3! The circular objects in Figure la obtained in the Of the filmin the insetin Figure 2c reveals that the film thickness
solution-cast film freeze-dried at such a low copolymer con- is ca. 340 nm and that the predominantly in-plane PS cylindrical
centration may best be described as spheres. Moreover, theynicrodomains disperse in a PMMA matrix and on occasion a
are micelle-like spheres comprising a core formed by RuO cylinder transverses the film, which may correspond to the
selectively stained PS surrounded by a PMMA corona. It can spherical microdomains which appeared at the in-plane view
be deduced from the polymesolvent interaction parameters indicated by the black arrow in Figure 2c. Thus, the phase
((ps-Tera-ce= 0.435 andypmvaTera.ce = 0.374) that the sol- structure in Figure 2c is inverted cylindéis1®

vent Tetra-CE has a preferential affinity for the minority PMMA When the concentration reaches~ 30% (v/v), a locally
block, which induces the less soluble majority PS block to take approximately hexagonal arrangement of “elongated” PMMA
a compact conformation and form a central core and the PMMA “droplets” in a lateral pattern was observed. The TEM micro-
to be somewhat pushed toward the outside as a result of thegraph is shown in Figure 2d. Then as the concentration attains
repulsive interactions between PS and PMMA blot&&.The @ ~ 40% (v/v), the region of PMMA “droplets” extended E)DV
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Figure 2. (a—e) Bright-field TEM micrographs of the solution-cast films freeze-dried at different copolymer concentrations as indicated, which
show the inverted phase structures. The insets in parts a, ¢, and e show the cross-sectional TEM micrographs corresponding to their plain view
micrographs, respectively. (f) AFM height topography of the film as same as in part e, the right inset shows the two-dimensional fast Fourier
transform (2D-FFT) pattern, where the left inset shows the height scale.

the full film. The in-plane and cross-sectional TEM micrographs raphy in the inset in Figure 2f, indicates that the morphology
are shown in Figure 2e, and the AFM height topography is observed aip ~ 40% (v/v) is a hexagonally perforated lamellar
shown in Figure 2f. Combined with the TEM micrograph in (HPL) phase, which has been reported previously for other block
Figure 2e, the depressed regions in the AFM height topography copolymers?26:32as well as block/homopolymer blen#éfsAn

in Figure 2f are PMMA. The in-plane pattern in parts e and f important conclusion from those works is that the occurrence
of Figure 2 clearly show the PMMA forms the dispersing of the HPL phase is bound in composition between the lamellar
microdomains, but the cross-sectional TEM micrograph in the and cylinder phases at 0.35f < 0.40 or 0.63< f < 0.70,
inset in Figure 2e shows that the PMMA forms a continuous where the minority block forms a layer perforated by the
domain, where the film thickness is ca. 350 nm. This charac- channels of the majority block. Moreover, the same results have
teristic, together with the two-dimensional fast Fourier transform been observed by Knoll et #.in block copolymer thin films
(2D-FFT) hexagonal pattern obtained from AFM height topog- induced by solvent. Here, we deem that the phase strugBr\g
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TR Discussion

For the PSh-PMMA diblock copolymer, the Flory Huggins
interaction parametey, was measured by Russell e€éto be
x = 0.028 £ 0.002+ (3.9 &+ 0.06)T. At room temperature
(~ 25 °C) the producyN for the block copolymer used in the
present work PSs-b-PMMAeo is 64, suggesting that the
equilibrium phase structure is PMMA cylinders dispersing in a
PS matrix! However, with the copolymer concentration increas-
ing, the morphology of the solution-cast film goes through a

ol i e, IS g ok disordered sphere phase (Figure 1), a series of inverted phases
, ' — (Figure 2), and a lamellar phase (Figure 3), before it reaches
P ~43% N the normal cylinder phase (Figure 4). In contrast to the previous

studies that the inverted phase was observed in block copolymers

Figure 3. Cross-sectional TEM micrograph of the solution-cast film (SBS and SB) including a low modulus PB blok25 the

freeze-dried atp ~ 43% (v/v), which shows the lamellar phase

structure. inverted phase observed in this work is from a diblock
- N copolymer in which the two components PS and PMMA have
N : - comparable bulk moduli. Therefore, we can rationally deduce

that the inverted phase formed in this work is hardly modulus
(viscoelasticity) dependent. Moreover, although complex phase
behavior of cylinder-forming block copolymers can be obtained
by relying on the boundary conditions of a fikh2526 our
previous worké has confirmed that the boundary effect extends
into the bulk of the film with a decay length of about one
microdomain spacingy 67 nm for the present block copolymer.
The thickness of the film controlled in this work 280 nm) is
much higher than one microdomain spacing, and it is therefore
reasonable to expect that the phase behavior found in this work
is hardly related to the boundary conditions of the film. In con-
trast, as shown in the insets in parts a, ¢, and e of Figures 2 and
3, the structure of the solution-cast film is uniform between the
surface and the interior, the rich morphological polymorphism
of as-cast films having comparable thicknesses which strongly
depend on the copolymer concentrations. In the following
section, in view of different copolymer solution concentrations,
we first explain the disordered sphere phase obtained in low
concentration solution and then discuss the inverted to normal
phase transition with increasing concentration.

shown in parts e and f of Figure 2 should be described as an Disordered Spheres PhaseAs shown in Figure 1, a
inverted hexagonally perforated lamellar (IHPL) phase since disordered micelle-like spheres phase in which the spheres
the perforated layer is composed of the majority PS block (a consist of the majority PS block as a core and the minority
more detailed explanation will be given in discussion section). PMMA block as a corona is detected in as-cast films obtained
Correspondingly, the structure obtained at the concentration by freeze-drying the samples at copolymer concentratons
~ 30% (v/v) in Figure 2d, as a transitional structure from 0.1% and 1% (v/v). Because the morphologies of the films are
inverted cylinders (Figure 2c) to inverted hexagonally perforated trapped by freeze-drying, such morphologies in films are the
lamellae (IHPL) (parts e and f of Figure 2), may best be memory of the phase structures in solutiéhdn fact, the
described as an undulated inverted cylinders (UIC) phase, whereobservation of the majority block aggregates in dilute solu-
the surface of the inverted cylinders is undulated possibly due tion is not surprising in itself, provided the solvent used is
to the solvent content fluctuatich:3° selectively good for the minority block! However, the solvent

As for the film obtained aip ~ 43% (v/v), there are no lateral ~ (Tetra-CE) used in this work is good for both blocks, although
structures on top of the film were detected. This finding, to- it shows preferential affinity for the minority PMMA block since
gether with the cross-sectional TEM micrograph in Figure 3 in the difference between the two polymesolvent interaction
which parallel alternate PS and PMMA stripes exist, indicates parametersy = yps-tetra.-c~ ¥PmMma-Tetra-c iS 0.06. According
that a parallel lamellar phase was obtained. The film thickness to the mean-field theory, the microphase separation for the
is ca. 280 nm. The same lamellar phase structure was alsopresent block copolymer/nominal neutral solvent system will
observed in the film obtained from the concentrationyof- take place atp ~ 16% (v/v)3"2° so the thermodynamical
55% (v/v). driving force for the disordered sphere phase formation in such

The copolymer concentration increases rapidly as the amount@ 10w concentration solution thereby needs to be considered.
of solvent further decreases, it is difficult to trap the film As far as the block copolymers in solution are concerned,
structure in detail. Finally, in the case @f 2 82% (v/v), an the phase behavior in highly dilute solution, where the entropy
equilibrium structure was consistently observed. Here, we show of the system is expected to play a key role, is an attracting
a typical TEM micrograph of the film obtained at ~ 82% areab“4041By examining a mutual good solvent (toluene) effect
(v/v) in Figure 4, in which predominant in-plane PMMA on the conformations of each block of BS2MMA diblock
cylinders are dispersed in a PS matrix. The average microdomaincopolymer, Tanaka et &.have demonstrated the formation of
spacing is 67 2 nm. a certain ordered structure in the concentration region rrtu]sbl

Figure 4. Bright-field TEM micrograph of the solution-cast film
obtained atp ~ 82% (v/v), which shows the normal cylinder phase
structure.
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lower than the microphase separation concentration predictedfor the minority PMMA block. By rapidly freezing-in the sample
by mean-field theory. Meanwhile, they have proposed that the in that situation, such a transient phase structure can be trapped
diblock copolymer can be modeled as two Gaussian densityin thin films. On the other hand, the difference between the
bodies of PS and PMMA separated by a certain distance. Ontwo polymer-solvent interaction parameterdy = 0.06) is

the other hand, on the basis of the measurement of thesufficient to make the stretching degree of the less soluble PS
coefficients of the binary interaction terms, the mutual diffusion chain lower than that of the more soluble PMMA chéiré
coefficient, and the second and third virial coefficients, Lodge Moreover, the previous study has revealed that the solvent
et al*! have pointed out that, at low but finite concentration, a diffusion coefficient in a polymer is strongly dependent on the
weak ordering effect may exist in RBPMMA/toluene solution degree of polymer chain stretching, that is, the higher the degree
far from the conditions where microphase separation occurs. of polymer chain stretching is, the swifter the solvent diffuses
Our finding in this work in Figure 1, together with those results, in that domairf? In addition, the solvent Tetra-CE is still good

is reminiscent of the colloid aggregation induced by depletion for both PS and PMMA blocks and the difference of the solvent
attraction in dilute solution& 4° The depletion attraction was  distribution between the two domains should be quite small.
first recognized by Asakura and Oosdfand is considered to  Therefore, it is reasonable to expect that above a critical
have an entirely entropy origin. In a binary mixture of large copolymer concentration the departure of solvent from the more
and small spheres, there is some volume around the large spherestretching PMMA domain should be faster than that from the
not accessible by the small spheres, which is called excludedhighly entangled PS domain. As a result, with the solvent
volume. If two large spheres are closer to each other than theevaporation, the volume fraction of PMMA plus solvent (the
diameter of the small spheres, the excluded volume overlapseffective volume fraction of PMMA) decreases step by step until
among the large spheres and diminishes the total amount ofits original value, i.e., the bulk volume fraction. We infer that
excluded volume. Consequently, the free volume of the systemit is such reduction of effective volume fraction of PMMA with
increases and accordingly the translational entropy increasesthe solvent evaporation that dominates the alteration of the
That is, the gain in translational entropy of the system due to interfacial curvature to minimize the free energy of the sy&f8m
free volume increase compensates for the loss in mixing entropyand to accomplish the transition from inverted spheres (Figure

resulting from the aggregation. 2a) to normal cylinders (Figure 4), through a series of transient
In the present P®-PMMA/Tetra-CE copolymer/solvent — phases (parts-f of Figures 2 and 3).
system, it seems to be a system consisting of “soft colléfd<” According to a theoretical study by Huang and Lo8gthe

and solvent molecules, i.e., “soft colloids” of PS with larger phase transition from inverted to normal phase should be
size and “soft colloids” of PMMA with smaller size separated expected as the copolymer concentration increases when a
by a certain distance and solvent molecules with a much smallerstrongly selective solvent for the minority block is used and
size. Since solvent molecules display preferential affinity for the difference between two polymesolvent interaction pa-
the smaller size PMMA soft colloids, it seems there are more rameters is as large as 0.2. However, in our previous péjter,
solvent molecules as PMMA'’s partner. As a result, the total has been significantly found that the small degree of preferential
amount of PMMA soft colloids plus solvent molecules as affinity like Ay = 0.06 of toluene for the minority PS block
PMMA’s partner is expected to be more than that of the PS can induce the inverted to normal phase transition to occur for
soft colloids plus solvent molecules as PS’s partner. Moreover, hoth cylinder-forming SBS and SB block copolymers with large
it has been known that depletion attraction is prominent in the differences in the component modulus. In this work, for a very
system with lower concentration of the larger colloids. There- different material which consists of two components with
fore, in dilute solution such ag ~ 0.1% (v/v), the larger size  comparable bulk modulus, PS and PMMA, our experimental
PS soft colloids easily aggregate to make the block copolymer results in Figures 24, indeed, further demonstrate that such a
form micelle-like spheres with a PS core surrounded by a small degree of preferential affinity of Tetra-CE for the minority
PMMA corona like that in Figure 1 to increase the free volume PMMA block asAy = 0.06 is enough to make it possible to
of the system. Thus, the translational entropy gain due to suchform the inverted phase and to accomplish the transition from
increase in the free volume compensates for the mixing entropy inverted to normal phase with the copolymer concentration
reduction due to the aggregation of PS. Here, it should be jncreasing. Moreover, a rich phase sequence from inverted to

mentioned that the size of the aggregates+&nm in diameter  normal phase involving the interface curvature alteration was
as shown in Figure 1, cannot expand infinitely due to the three opserved (Figures-24).

parameters controlling the geometry of the aggregates, such as
the stretching of the core-forming blocks in the core, the
repulsive interaction among the corona chains, and the interfacia
tension at the corecorona interfacé!

In addition, it is interesting to note that an unconventional
Iphase structure, the inverted hexagonally perforated lamellar
(IHPL) phase as shown in parts e and f of Figure 2 between
the inverted cylinder (Figure 2c) and lamellar (Figure 3) phases,
Inverted to Normal Phase Transition. As the copolymer  \yas also observed. Although the normal hexagonally perforated
concentration attains a critical value, the PMMA coronas |amellar phase in which the layer of minority block is perforated
coalesce to form a continuous matrix and hence a compactpy the channels of the majority block has been discovered in
morphology is favored. That is, morphology of close-packed poth block copolymer thin filn2226 and bulk3? the IHPL
PS spheres dispersing in a PMMA matrix as shown in Figure phase with the majority PS block forming a layer perforated
2ais constructed, which is a typical inverted phati® minority by the channels of the minority PMMA block as shown in parts
PMMA block comprising the continuum phase?® e and f of Figure 2 was first detected in this work. On the basis
Although the majority PS in the present block copolymer of both surface energy and volume fraction considerations, one
forming the dispersing microdomains is not thermodynamically may argue that the majority PS block with lower surface energy
favored in the absence of solvent, a block copolymer solution (40.7 dyn/cn¥) tends to accumulate at the surface, and hence
allows the possibility of forming the transient “inverted” phase the morphology of the layer of the minority PMMA block with
in which the majority PS block preferentially aggregates as higher surface energy (41.1 dyn/perforated by the channels
described above due to the solvent having preferential affinity of the majority PS block is thermodynamically favor®ds CDV
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However, as mentioned above, the IHPL shows that the layer Institute of Applied Chemistry for helpful discussions. This work
of PS is perforated by the channels of PMMA, which simul- was supported by the National Science Foundation of China
taneously appears at the surface as well as in the interior of the(20574068) and the Chinese Academy of Sciences (KJCX2-
film. Here, since the surface energy difference between the two SW-H07) and subsidized by the National Basic Research
blocks is as small as 0.4 dyn/cm, it is expected to be easily Program of China (2005CB6238).

counteracted by the solvent preferential affinity for the PMMA

block. Moreover, the fact that the swollen minority PMMA Supporting Information Available: Plot of the average
block has already formed the continuum phase makes it difficult calculated copolymer concentration in the solution-cast film vs
for the majority PS block to form a whole layer in that situation. solvent evaporation time. This material is available free of charge
At the same time, with solvent reduction, the effective volume Via the Internet at http://pubs.acs.org.

of PMMA decreases and accordingly withdraws from the layer
containing PS microdomains to decrease the interfacial energy
During the withdrawing process, the PMMA possibly leaves (1) Hamley, I. W.The Physics of Block Copolyme®@xford University
behind some remnant at that layer and hence forms the _ Press: New York, 1998.

perforating channels. Thereby, it is expected that the effective ® 3F§§°|ka' M. J.; Mayes, A. MAnnu. Re. Mater. Res.2001, 31,
volume fraction of each domain still plays a key role in such (3) morkved, T. L.; Lu, M.; Urbas, A. M.; Ehrichs, E. E.; Jaeger, H. M.
IHPL transient phase structure formation. Russell, T. PSciencel996 273 931.

With the amount of solvent further reducing the effective (4) ,\Tﬂhum-AltI)feCTtg ggRggnggb J.; Russell, T. P.; Jaeger, H. M.
volume of PMMA has thoroughly withdrawn from the hybrid 5 Honkee, G. S Tho(r]nas: E. L.; Fetters, LJJMater. Sci.1988 23,
layer of PS and PMMA microdomains and induced the PS to 1685.
form a whole layer (Figure 3). Then as the amount of solvent (6) Buck, E.; Fuhrmann, Macromolecule001, 34, 2172.
remnant is small enough, the dominant effect of the solvent (7) Fukunaga, K.; Elbs, H.; Magerle, R.; Krausch, l@acromolecules
almost vanishes. Hence, the equilibrium phasermal cylinder 2000 33, 947.
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