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ABSTRACT: A unique phase behavior was investigated for binary mixtures of diblock copolymers in order to
explore the cosurfactant effect as a function of temperature. The mixtures are composed of a long asymmetric
polystyreneblock-polyisoprene (Sl) copolymer and a short symmetric S| copolymer denoted, respectivady, as
ands;. The neats copolymer forms polystyrene (PS) spherical microdomains on a body-centered-cubic lattice
in polyisoprene (PI) matrix from ambient temperature to ¥80Qwhile neats; is always in the disordered state

in the same temperature range. The mixtureass; = 45/55 and 75/25 (w/w) are mainly focused in this study.

Both of them show lamellar morphology at low temperatures, then undergo an “andkar transition (OOT)”

to a “bicontinuous structure” with a considerable distortion in the long-range order, and finally reach the truly
disordered state through the “ordetisorder transition (ODT)” with increasing temperature. The reason why
quotation marks were putin “OOT” and “ODT" is explained in the text. We found that the invariants (the integrated
scattered intensity) do not change across the “OOT” for these two mixtures. It is intriguing to note that these two
mixtures exhibit a quite opposite temperature dependence of the characteristidddngthe ordered structures,

which seems to be related to the “cosurfactant effect” as discussed in the text. The cosurfactant effect was shown
to decrease with increasing temperature and to promote the distorted bicontinuous phase.
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In this series of work, we explore morphological behavior
of a series of binary mixtures of polystyrene (R#)ck

polyisoprene (PI) diblock copolymer (SI) composed of a long . . . . . . .
asymmetric Sl denoted &s having degree of polymerization 5F oyl Bic. Lam. Dis.
(DP) denoted adlys and a short symmetric S| denoted saéi
=1, 2, or 3) having varying DP’s denoted Bg (i = 1, 2, or - O O\MAYD++ + + w O as/s;
3). In the previous works the mixtures were examined at ambient i ar
temperature, and the following features were elucidatad. z o tt o+ as /s,
the mixtures studied were miscible at molecular level, yielding N 3l NS . p
a single ordered morphology or a disordered single phase. A o Cyinder as /s,
phase diagram previously investigated in the parameter space A Bicontinuous
of the ratio of DPy = Nad/Ns;, and overall volume fraction of 21 :; ;j’srgf('j'gr © points to be studied

n n | | | | |

PS block in the mixturepsis summarized in Figure 1. Although
the morphologies encountered are the common ones found in
pure Sl copolymers, such as spheres in body-centered-cubic 8

lattice (Sph), hexagonal cylinders (Cyl), bicontinuous structures Figure 1. Phase diagram afs's (i = 1, 2, and 3) mixtures investigated
(Bic), and lamellae (Lam), the stability limit of each morphology ~at ambient temperature, which was obtained by part 1 of this series of

; o cinnifi ; ; papers. Morphology variation is shown in the parameter space of
for the mixture is significantly shifted with respect¢psfrom andges asls, = 45/55 and 75/25 mixtures, marked by double circle,

that for corresponding neat block copolymer. More interestingly, are investigated along the temperature axis in this study.
the shift of the morphological boundary increases with increas-
ing the ratior. As a consequence, mixing of a small amount of having different block lengths display when they share a
the symmetric blockss (i = 1, 2, or 3) into the majority !
component of asymmetric blockes effectively decreases the =~ common interface, was found to become more remarkabie as
interface curvature and hence enlarges the composition rangdor the molecular weight ratio) gets bigger.
where the lamellar microdomains are developed. This so-called !N this paper we focus our attention on how the cosurfactant
cosurfactant effect i.e., the effects that two block copolymers ~ €ffect or the boundary between different morphology shown in
F_|gure 1 changes W|_th temperature and how the mixture reaches
R o disordered state with raising temperature. Our study of the
. E‘é‘l’atocﬁn'vers'ty' temperature effect was focused on #ss; mixtures, in which
§ Present address: Thiochemicals-ARKEMA S. A., 4-8 cours Michelet- the difference in the molecular weights of the constituent
LaDD'e‘ense 10, F 92091, Paris la’ 2@se Cedex, France. _copolymers is the largest, giving rise to the most remarkable
Enersent address: Advanced Science Research Center. Japan Atomigosurfactant effects, and the disordered state is most easily
RGN f i el E-mail: attained due to the lowest molecular weighsofThe two blend
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Table 1. Characteristics of the Sl Diblocks

code M, x 1032 HIP Mpps— Mpp x 10°3¢ Nps— Np(d Ne Wed fpd
as 47.0 1.03 9.637.4 92-550 642 0.205 0.185
S8 12.1 1.03 6.35.8 61-85 146 0.52 0.49

2Mp: number-average molecular weight determined by size exclusion chromatography {$EE&).M./My: heterogeneity index for molecular weight
distribution.© My number-average molecular weight of tkie block k = PS or PI1).9 Ni: number-average degree of polymerization of the k-th bldck (
= PS or PI).tN: total number-average degree of polymerization of the dibldgk= Nps + Npi. f Wes polystyrene weight fractiorf fps volume fraction
of the PS block calculated frofas = (Wpdpps)/(Wed ppst(1 — Weg)/ppi) by using the following densities for the PS and Pl blogks,= 1.0514 g cm? and
pp1 = 0.925 g cms,

1;i.e.,as/g = 45/55 and 75/25 (w/w) are particularly highlighted  toluene as a neutrally good solvent for both PS and PI. The solutions
in this study. These mixtures present lamellar morphology at in which the two block copolymers were mixed homogeneously in
ambient temperature and are transformed into a “distorted the disordered state were stirred ®h and then placed in a Petri
bicontinuous morphology” with increasing temperature. Here dish in a temperature-controlled atmosphere af@5The slow
the “distorted bicontinuous morphology” is meant to indicate €vaPoration process of the solvent lasted over 3 weeks. The film
the bicontinuous morphology having a sufficient distortion in specimens were further dried at 80 under vacuum until constant

its | der. N hel define h hi hol weights were attained. The film specimens obtained by the casting
Its long-range order. Nevertheless, we define here this morphol-, . ,cess as described above were then employed for the in-situ

ogy as the one in an “ordered phase”, simply because (i) the temperature-dependent small-angle X-ray scattering (SAXS) mea-
morphology shows a broad second-order peak or shoulder insurements. Before SAXS measurements the film specimens were
SAXS (small-angle X-ray scattering) profiles and (ii) the cut and stacked up the parallelepiped shape of 3 x 12 mm
morphology observed under transmission electron microscopyand packed into the sample holder and then preannealed 4€180
(TEM) on the specimens rapidly vitrified from the bicontinuous for several hours to annihilate bubbles which were developed in
phase shows an unidentified bicontinuous morphology which the specimens upon annealing above glass transition temperature
is definitely different from the so-called fluctuation-induced ©f PS phaseTgpg. During annealing and SAXS measurements

disordered structure @22 as detailed later in sections Iv.1 the specimens were always placed under vacuum fo suppress
and 1V.2 ’ thermal degradation.

: . o I1.2. Small-Angle X-ray Scattering. The microdomain structures
Thus, in this work a transition from the lamellar phase to the s a function of temperature were investigated by SAXS using a
distorted bicontinuous phase is defined to be an “OOT (erder  rotating anode X-ray generator operated at 50 kV and 200¢TiA.
order transition)”. As temperature is further raised above the The X-ray is monochromated so that its wavelength corresponds
“O0T"” temperature Too7), the second-order peak or shoulder to the Cu ku line (A = 0.154 nm). The scattered intensity is
in SAXS profiles disappears, and we define this temperature measured_ with a one-dimensional position sensitive proportional
as the “ODT (ordetdisorder transition)” temperatur&dpr). counter with the sample-to-camera distance of 1166 mm. The SAXS
In the context of the current theory of “ODT”, one defines the profiles were corrected for air scattering, background scattering

distorted bicontinuous phase as a part of disordered phase an&rilsing frohm thermal difféjsebscatte_ring (TgS)l_fohr r_nc;]st of(tjhel_cas_t(ejsﬁ
” e W , ' 7 "Unless otherwise stated, absorption, and slit-height and slit-widt
then our “OOT” in this work corresponds to “ODT". If one

. . ey ., smearing effect¥?-15 The absolute SAXS intensity was determined
takes this context, one should read our “OOT" as “ODT", and py, the nickel foil method® The profiles are represented as a

one may note two kinds of the disordered states: (i) the state fynction of magnitude of scattering vectay, which is related to
having distorted bicontinuous morphology and (ii) the disordered the scattering angle)
state which exhibits the thermal concentration fluctuations as

described by the random phase approximation (RP¥je q = (47/2) sin(o/2) (1)
aimed to elucidate the cosurfactant effects as a function of

temperature and temperature-indu¢@DT" and “ODT" in The thermal protocol employed in the SAXS experiments is as
the context of our definition. follows. After annihilation of the bubbles, the preannealed specimen

We are aware of a considerable number of studies focusingWwas further annealed fc h at 180°C and then settled down to

on the phase behavior of binary mixtures of diblock copoly- the highest temperature for the measurement. The first series of
mers5-8 However, only a few of them pay attention to Measurements at each temperature was conducted during the cooling

cosurfactant effects. Zhao et %akxamined the temperature process starting from the highest temperature, which was followed
dependence of mor'phology in the binary mixtures of poly- by the second series of measurements on the heating process from

. a low temperature to a high temperature. These two series of
(ethylene)blockpoly(ethylethylene) diblock copolymers. How-  eagurements permitted to confirm whether the specimen was in

ever, in their study the compositions of the two block copoly- the equilibrium state at each temperature. A temperature change
mers and/or the molecular weights of the constituent copolymersfrom one to another was finished within 15 min, and then the
were relatively similar so that the cosurfactant effect was hardly specimen was further held for 45 min at the set temperature before
observed. From the viewpoint of controlling morphology by the SAXS measurement to attain its thermal equilibrium. The SAXS
the mixing of two copolymers, the cosurfactant effect is an measurement lastedrfd h ateach set temperature. .
interesting and nontrivial problem, and its temperature effectis  .3. Transmission Electron Microscopy. The microdomain
also important, as will be presented in this study. structures were examined under transmission electron microscopy
(TEM). Ultrathin sections of 4650 nm in thickness were obtained

from the film specimens using a Reichert ultramicrotome operated
at —100°C. The sections were then exposed to @s@por for 1

11.1. Sample Preparation. Sl diblock copolymers were prepared h. This procedure is known to induce the selective staining and
by sequential living anionic polymerization, as detailed in the cross-linking of the double bonds of the polyisoprene with @SO
previous publicatiod. Table 1 summarizes the characteristics of The stained sections were observed with a Hitachi H-600S TEM
the synthesized diblockss and s;. The film specimens of their operated at 100 keV. On the TEM pictures the Pl microdomains
binary mixtures, i.e.ads; = 45/55 and 75/25 (w/w), were prepared appear dark, while the PS microdomains appear bright. The
in the following way. Solutions having 10 wt % of polymers in  specimens employed for the TEM observation were the same ones
total were obtained by dissolving the two block copolymers with employed for the SAXS measurement; therefore, the annee!'BQ/

II. Experimental Methods
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Figure 3. Plots for theags; = 45/55 mixture: influence of the
temperature on inverse of the maximum of the first-order p&ak,
(a), on square of the half-width at half-maximum of the first-order peak,
o4’ (b), and on the characteristic length of the microdomains or
concentration fluctuationd) (c). The broken vertical lines separate
the temperature ranges where the lamellae phase (L), the distorted
bicontinuous phase (B), and the disordered phase (D) exist. The solid
and broken lines were obtained in the cooling process and heating
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1 q/q . .
m was observed as well as the first-order peak. This shoulder peak
Figure 2. Small-angle X-ray scattering (SAXS) profiles of the's; located approximately ai/qm = 2. When the temperature was

= 45/55 mixture measured at different temperatures: (a) from 63 to decreased, the shoulder became distinct, while its relative

175°C, the mixture undergoes “OOT" (between 71 andZY as well L
as “ODT” (between 79 angd 1370); (b) (in the vicinity of tﬁg “ODT” position g/gm looked unaltered. The presence of a shoulder

where the broken lines underneath of the measured scattering profilessuggests an ordered phase and that the spatial distribution of
(solid lines) are visual guides for the presence of the second-order broadthe electron density is not sinusoidal. The transition between

peak or Shoul?_ef I?n tr??t F(’ijfJf”eS- In r?Otti‘r; (a)bandf (b%, th? ssgatte(r;ng disordered and ordered states, “ODT”, is characterized in this
curves are vertically snirted rrom eacn other py a ractor o In oraer e : :
to avoid overlap. The abscissa is ntself butq normalized withgm, rbneagggl ?‘rrl(éthrehérasl?]f)lﬂl?jnert?smrpe)le;fi‘\t/iﬁ@[m :isgstltr.r;.a t(;ed tt(;g
q at scattering maximum. : shou y well identified &
°C and whose position is afgn = 1.9. However, the space

process of the TEM specimen before quench is identical with that SYmmetry of the microdomain structure cannot be identified
of SAXS measurement. A freezing of the microdomain structures, from that scattering profile alone. Contrarily, at @ and below
which are stable at high temperatures, was conducted by quenchinghe scattering profile has a sharp and intensified first-order
the specimen into ice water. The success of the quench wasscattering peak and, moreover, a well-identified second-order
confirmed by the comparison of the SAXS profiles taken before scattering peak at the position afg, = 2. Such a profile is
and after quench. characteristic of lamellar microdomain structure. The above
results conclude (i) thas/s = 45/55 mixture is in the disordered
state at the temperatures ranging from 137 to A@5ii) it has

Ill.1. as/g = 45/55 Mixture. The scattering profile of the  the ordered lamellar microdomains at the temperatures below
mixture as/s = 45/55 measured at different temperatures is 71 °C, (iii) in the temperature range from 79 to 12C the
shown in Figure 2a,b. Note that in these figures the abscissa ismixture is in the ordered state other than the lamellar micro-
not the magnitude of scattering vecwitself but normalized domains, and (iv) these changes with temperatures are ther-
by dm, which corresponds to thg value of the first-order moreversible.
scattering peak. Note that the variation gf with T can be Im~%, 04% and D, which are respectively the inverse peak
seen by the variation of the spacibgwith T in Figure 3 later scattered intensity, the square of the half-width at half-maximum
asqm = 27/D. At a high temperature (17%C), the scattering of the peak, and the characteric length of the system, are shown
intensity profile shows only one broad peak with small intensity respectively as a function of inverse of the temperature in parts
(Figure 2a), suggesting that the mixture is in the single phasea, b, and ¢ of Figure 3. The change of the scattering profile
where bothas ands; are molecularly mixed in the disordered between 79 and 72C is well reflected on the temperature
state. Above 137C the profiles conserve the same behavior. dependence of these characteristic parameters. Actually, the
Contrarily, below 127C (Figure 2b) a shoulder or a broad peak three curves of, 2, 042, andD present a discontinuity betwee&bv

Ill. Results
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79 and 71°C. These discontinuities are a signature of a phase T T
transition between an ordered phase other than lamella and the= g
lamellar phase, which is hereafter designated as eteler
transition, “OOT". The former phase and the latter phase are &
stable at temperatures higher than°and lower than 71C,
respectively. Since this temperature range is neaffjfpe a 1
h interval (or preannealing) between the successive measure-
ments probably is expected to be too short compared to the
time required for the completion of the structural change.
Nevertheless, the results demonstrate that this “OOT” is
thermally reversible approximately in the time scale of our
observation. Contrarily, “ODT” cannot be identified by the
discontinuities on the characteristic parameters of the first-order
peak. The curves df, ! andoq? vs Tt in Figure 3a,b exhibited
only the change in slope at “ODT”", while the curizevs T-1

did not even exhibit the change in the slope at “ODT". This
behavior oflnand o2 at “ODT” is specific for theas/s
mixture and clearly different from those of pure diblock
copolymer. In the case of pure block copolymigs;tand o¢?
present a very sharp discontinuity Bgpr.182°

The variation ofD as a function of temperature is quite
anomalous. In fact, in the temperature range investigéted
increases with temperature. Since the mixture has a lamellar2
morphology below “OOT”, this corresponds to an increase of
lamella thickness with temperature. This result is physically
anomalous, from the viewpoint that in the case of a pure Sl
copolymerD decreases with temperature. Actually, when
increases, the interaction parametewhich represents the net
repulsive force between the PS and PI blocks, decreases. Theg

asl/s;= 75125

un

ty (ar

nsi

Scattering Inte

y (arb. unit)

160°C

166°C

tering Intensi

173°C
N

chains are thus less stretched, and the thickness of lamellag (b) 180°C
decrease¥2! The anomalous behavior @ for the as/s = - . 1 . .
45/55 mixture will be discussed later in the Discussion section. 7 8 9 2 3 4 5

1
I11.2. as/g = 75/25 Mixture. The behavior of the scattering q/q,,

intens_ity_profile of this mixture as a fun_ction of temperature is Figure 4. SAXS profiles of theas's; = 75/25 mixture measured at
very similar to that of thes/s = 45/55 mixture. Three different  different temperatures: (a) from 70 to 18Q, where the mixture
regimes are observed from the scattering intensity profiles undergoes “OOT” (between 95 and 102) as well as “ODT” (between
ploted as  funcion f normalized scateing veal n L35 4 J80C) 00 he ey of e SO wrwe e boken
Figure 4a'l':’- The pr(_)flles measured at 70 anc@=xhibit a for the presence of the second-order broad peak or shoulder on the
lamellar microdomain structure. Between 95 and 02the profiles. In both (a) and (b), the scattering curves are vertically shifted
first-order peak becomes broader and the second-order peakrom each other by a factor of 5. The horizontal axis is qaself but
observed at/gm = 1.9 becomes even broader or a shoulder, normalized bygm.
suggesting a bicontinuous morphology as will be clarified later
by TEM in section 4.1. It should be noted that the peak breadth of the temperature o is dramatically different from that
for the bicontinuous phase is much smaller for this mixture than observed on thas's; = 45/55 mixture (cf. Figures 5c and 3c).
that for the 45/55 mixture. This fact becomes clearer when one As for theas's; = 75/25 mixture D decreases with increasing
compares Figures 3b and 5b, the latter being shown later. Thetemperature in the whole temperature range studied. This
disappearance of the shoulder between 166 and@C{Bigure decrease ob is particularly pronounced when the mixture has
4b) may be identified as the “ODT”. In fact, above this @ lamellar morphology, but the trend itself is consistent with
temperature the scattering profile of tag/s = 75/25 mixture that reported for the neat block copolymer. It seems that the
is characteristic of the disordered state as well described by RPA.thickness of lamella and temperature can be related by a power
The behaviors of,~, o2, andD as a function of the inverse law: D ~ T~153 This result is significantly different from that
temperature are shown respectively in Figure-6a Two obtained for the pure block copolymers or its solutforD ~

e C : : T-933 This large difference between pure block copolymers
transitions implied by the careful observation of change in the o - .
scattering profile withT are discerned in these plots also. “OOT” and.thls mlxturg QS’.SG = 75/ 25). Seems to. be attanted toa
can be discerned by a discontinuity on the curve,of, o2 particular organization of the diblock chaias and s; in the

andD vs T-1 (Figure 5a-c). On the other hand, “ODT” cannot lamellar microdomains (the double brush layer structure,
be easily identified by Fiéure 5e. The curve’s of —1 .2 schematically depicted later in Figure 9a), which is thought to
. m 5 Oqgq

andD present neither discontinuity nor a change in the slope at 2fe tzr?:aenrlijitl?ﬂno(\j\fea\l/g?s:r;ae?itr?i?it/gﬁ;ﬁgrlnrgtgfil{;r?setﬁcr)tspgfe
Topr. It is determined only from the scattering profile itself, p ) ’ P y

namely from existence or no existence of the shoulder peak established.
located approximately atygm = 2. These two transitions

(“ODT” and “OO0T") are thermoreversible. The data obtained
as a function of temperature during the cooling process were [V.1. Real-Space Observation of “OOT". In this section
superposed on those during the heating process. The influencave shall further discuss the “OOT” presenteddss; = 45/55

IV. Discussion

Ccbv
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Figure 5. Plots for theads; = 75/25 mixture: influence of the
temperature on inverse of the first-order peak intensify? (a), on
square of the half-width at half-maximum of the first-order peag,

(b), and on the characteristic length of the microdomains or concentra-
tion fluctuations,D (c).

and 75/25 (w/w) mixtures. In fact, the morphology of the
ordered phase that appears above the lamellar phase and below
the disordered phase cannot be identified definitely from the
SAXS profiles. On the other hand, the TEM method does not
allow us to conduct an in-situ observation of this microdomain
structure. Nevertheless, in the case of our system it is possible
to circumvent this difficulty. Since th&y psis higher than the
ambient temperature, the microdomain structure of the sample
can be frozen belowyps Therefore, it is possible to freeze
the structure stable at high temperatures belywvithout
changing the structure and to observe it under TEM. Moreover,
the scattering intensity profile of sample measured in situ at
any temperatures was compared with that measured after
qguenching. The comparison between these two profiles allows

us to evaluate the efficiency or feasibility of the quench. morphology is equilibrium at ambient temperature (a), and the distorted
Figure 6 shows the measured SAXS profiles of dsks; = bicontinuous morphology is_obtained from the specimen annealed at

75/25 mixture: one is at 119C before quench, and the other 110°C and then quenched into ice water (b).

is at ambient temperature after the quench as described above.

These two profiles were not corrected for TDS. We can confirm  that at ambient temperature. However, a quantitative verification

that these two profiles are almost identical, and therefore the of this deserves future works.

quench was effective. The two scattering profileg/gt, around Figure 7b shows a TEM micrograph of this quench sample

1 are really the same so that the global structure are truly which represents successfully the structure at I@Qwhile

conserved through the quenching process, except for a slightFigure 7a shows a TEM micrograph of lamellar morphology

change oft, due to thermal expansion. The scattering profile observed on the same mixture at ambient temperature as

measured in situ at 11%C before quench is slightly higher than  equilibrium morphology. The mixturas's; = 45/55 exhibited

that at ambient temperature after quencty/at, > 1.5. The a similar morphology, though not shown here. The morphology

intensity difference at large/qm (=4) is due to the difference  of Figure 7b is quite similar to anoth@s's; mixture which

in TDS. Since the higher the temperature is, the larger is the forms bicontinuous morphology at ambient temperature (for

TDS intensity; the observed difference is reasonable. The example, theags; = 82/18 mixture, whose TEM micrograph

intensity difference at/gqn around 2-3 may be due to the is presented in the previous paper of this series of Work

difference in volume fraction of the minority microphase of PS, Therefore, the combination of the real-space study by TEM and

ops ¢psis larger in situ at 110C before quench than at ambient  the reciprocal-space study by SAXS allows us to conclude that

temperature after quench due to a thermal expansion of PSthe intermediate phase af¥s; = 45/55 and 75/25 mixtures

domain, which may increase the intensity at 2@0relative to between lamellar and “disorder” is a “distorted bicontinu%BV
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phase”. However, this bicontinuous structure lacks such long- 4.05
range order as observed for the lamellar structure, and its
symmetry is unidentified after all, neither gyroid typenor 4.00 - o
& d
OBDD type?Z? _ e T
IV.2. Change of Segregation Power across “OOT” As &> 395t asls;=45/55 e 00T
Observed by Invariant Q. In this section we propose a method é K2l
to study the state of segregation from the invariant as a function cg 390F R 0000
of temperature. This method is based on a classical technique =~ P 005’9"0
of the small-angle X-ray scatterifg?* 26 and has an advantage O 38F ya ,"'b T
coming from the fact that the invariant is independent of the & Pl 00T
morphology of the sample. If a material has the spatial variation — 380F R 006
of electron densityp(r), or the amplitude of the electron density s o /5. =75/25
fluctuation from the average electron dendipy #(r), p(r) = ' o aslS; (a)
[p0+ n(r), the mean square of(r), @30 is related to the 370 , . , . .
invariantQ, the total scattering intensity from the system ' 22 2426 28 3010
2 = “ P 470 r (K)
3’0~ Q=4 f,"o(1(q) dq @ oot
® as/s;=45/55
where|(q) is the scattering intensity. Note that a change of @E 451 o asls,=175/25 l e
domain structure such as from the lamellae to the distorted £ .
bicontinuous structure does not modi@yunless the structural o 460 - 80000°
changes altet?0] In the case of a system composed of two — 'oo&pT
phases A and B with a sharp interface, whose electron densities S assl o 00T
are pa and pg, respectively, the expression @f?Clis given by :'/ . S
S L o%
0= (L~ B)on — po)’ ®) oM o
o
where ¢ is the volume fraction of one of the two phases. ‘iDD 4451 " (b)
Substituting this expression @§2Cin eq 2, we obtain
440 1 1 1 1 1 -
Q=47 [ @G~ ¢1— ¢)oa — )’ () O ey

: igure 8. Change of the segregation power evaluated through the
In the temperature range where the constituent two phases Of:?]variantQ as a function of the inverse of the temperature: semiloga-

the material are strongly segregated, and the electron densityjthmic plot of logQ vs T~ for ags; = 45/55 and 75/25 mixtures (a)
of each phase anglare constaniQ is constant according to eq  and that of normalized invariant, i.e., l&@f#(1 — ¢)}] vs T~ for
4. Contrarily, when the two phases become weakly segregated as'ss = 45/55 and 75/25 mixtures (b).
a part of A blocks exists in the B microdomains and vice versa,
and the electron density differendpa — pg|, between the two and the temperatures where the crossover is observed @ log
coexisting microdomains decrease with tempera@Qecreases Vs 1/T coincide with “OOT”. Thus, in the lamellar phas@
with temperature. Thus, the temperature dependence of thehardly depends on T/ but in the distorted bicontinuous phase
segregation power can be monitored by temperature dependenc® decreases with decreasingr' 1lt should be also noted that
of Q. there is no discontinuity irQ at the “OOT", suggesting a

It should be noted here that according to the theory of small- continuous change d or (oa — pg)?¢(1 — ¢) at “OOT".
angle X-ray scattering, the invariant is calculated as integral of ~ Figure 8b shows lo@/{#(1 — ¢)}] vs 1/T. If ¢ does not
I(g)g? from q = O to infinity, while experimentallyl(q) is change significantly withrl, log[Q/{#(1 — ¢)}] = constantt
measured and integrated only fra= 0.05 nnt!to q = 1.6 log(oa — pB)? so that this quantity is closely related to an
nm~L. An error caused by the truncation of the integral is not intermixing of unlike segments within each domain and hence
so important in this work because we are not interested in the to a segregation power between the two blocks as a function of
absolute value of) but rather in relative change @ with temperature. In the low-temperature range where the lamella
temperature. Note further that, as already described in sectionphase exists, the segregation power for the 45/55 mixture is
1.2, 1(q) is corrected for TDS, and therefore its contribution to higher than that for 75/25, while in the high-temperature range
Q was eliminated. where the distorted bicontinuous phase exisis, € pg)? for

The results of the estimation on the mixturesasfs = 45/ both mixtures decreases almost linearly and similarly with
55 andas/s = 75/25 are represented respectively in parts a decreasing T. It is very important to note thdpa — pg)? does
and b of Figure 8. The value @) for as/s = 45/55 is always not change at “OO0T”, as will be detailed below.
larger than that foas/s = 75/25 (part a). This can be rationally The change of microdomain structure at “OOT” kept the
explained as follows. According to eq @,becomes large as invariant almost constant. This indicates that spatial reorganiza-
approaches 0.5, or the compositions PS and PI phases becomgon of the microdomains occurs without involving significant
symmetric. Compared witas/s = 75/25,as/g = 45/55 which modification of the phase volume fractigrand electron density
contains a larger amount of the symmetric block copolyregr ( difference of the two phaseps — pg)? and the fraction of the
is more symmetric and hence shows a higQemalue. The two diffuse interface region between the coexisting microdomains.
specimensas/s = 75/25 and 45/55 show a similar trend in  This point seems to giva serious problemfor the assertion
Figure 8a: At low temperaturé3dis nearly independent of T/ of the distorted bicontinuous phase as a part of the disordered
while at high temperatureg® monotonically increases with T/ phase in the context of the current theory. We can conc&lg%
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D, corroborated by combined SAXS and SANS (small-angle
neutron scattering) observation for a similar block copolymer
a) ] mixture system; namely, the mixture consists of a long asym-
| d metric PS-PI copolymer (PS-rich) and a short symmetric ePS
PI copolymer, where dPS denotes deuterated polystyrene having
a large scattering length for the neutron b&&m.

' On the other hand, the mixtuesy/s; = 75/25 shows a normal
temperature dependencel®@&imilar to the neat block in a sense

A
Y

consequence of a balance of the following two opposing
D, effects: (a) a decrease Bfwith increasingl due to the decrease

) . _ of segregation power in the case when junctionszare kept
Figure 9. Schematic representation of the effect of the temperature i, ihe thickened interfacial region; (b) an increaseDofvith
on the delocalization of the short dibloskin the lamella microdomains. . . - .

increasingT due to the depart of junctions & from the

interface. Localization of; at the domain interface may be more
stable forag's; = 75/25 than forag's; = 45/55 because of the
smaller concentration of; for the former mixture. Thus, the
temperature dependence of the delocalizatics fufr the former
mixture may be less than that for the latter mixture. In any case
these phenomena are intricately coupled with the cosurfactant

; T T thatD decreases with increasifig which is primarily due to a
- pS - ! decrease of segregation power withHowever, the following
3 X, <X, two points are worth being noted. §) ~ T ~1-53for the lamellar
b) WM\ DD, phase ofag's; = 75/25 rather thad ~ T-033 found for neat
g block copolymers having the lamellar phase; (ii) In the distorted
@ C% @ bicontinuous phas® for the mixture decreases only slightly
T, with 1/T thanD for the lamellar phase. The former phenomenon
W M . (i) is expected to be related to the cosurfactant effects described
earlier. The latter phenomenon (ii) is anticipated to be a

A

that this “OOT"” is not induced by delocalization of junction
points of short diblockss from the interface and solubilization
of them into microdomains formed by the large molecular
weights as block copolymers. It is rather related to a fine
modification of the balance between the enthalpic effect
(incompatibility between monomers A and B) and entropic !
. X . . p ) effects as a function of temperature.
(chain stretching), like ordinary “OOT” commonly observed on . . . . .
pure block copolymers. The existence of the distorted bicontinuous phase in the
The segregation power between PS and Pl blocks seems tdniXtures ofas's; is in part due to the cosurfactant effect,
be almost independent of temperature in the low-temperature €SPecially forasss = 75/_25' and in part due to the blending
lamellar phase but tends to sharply decrease with increasingETeCt especially foas's; = 45/55. This is because the junctions

temperature in the high-temperature phase of distorted bicon-Of s tend to be kept at the interface to a greater degree for the
tinuous phase. The fact that tlas/s; = 45/55 has a steeper 75/25 mixture than for the 45/55 mixture or because they tend

slope ofQ as a function of reciprocal temperature thes's; = to be delocalized from the interface to a greater degree for the
75/25 may suggest that the delocalization of short dibleck 45/55 mixture than for the 75/25 mixture. The cosurfactant effect

from the interface with increasing temperature is more outstand- S6€MS 10 enlarge the bicontinuous phase.
ing in the as/s = 45/55 mixture than in thass; = 75/25 IV.4. Time-Resolved Studies of “OOT"” ProcessHere we
mixture. This issue is further discussed in detail in the next are interested in the way how the bicontinuots lamella
section and will be clarified by analyzing the intriguing transition occurs, namely, to try to understand how the micro-
difference in the behavior dd vs 1/T for the two mixtures. domains of PS and Pl which are continuous in three-dimensional
IV.3. Cosurfactant Effects as a Function of Temperature. space transform into lamella which is continuous only in two
As mentioned abo\/eags\3 = 45/55 falls into in the weak dimension. From this point of view a Kinetic Study of the
segregation limit at high temperatures, and the short dibdgck ~ bicontinuous— lamella transition by SAXS and TEM was
is expected to be delocalized from the interface. This delocal- conducted for theg's; = 75/25 mixture.
ization of s3 can rationally explain an anomalous temperature A specimen of theads; = 75/25 mixture which was
dependence dd, as shown in Figure 3c. Parts a and b of Figure preannealed in the disordered state is slowly cooled to the lowest
9 give schematic illustrations of the chain organization model temperature in the stable region of the bicontinuous morphology.
for ags; = 45/55 at low and high temperatures, respectively. Then itis annealed fdl h atthis temperature, and the scattering
At low temperatures (Figure 9a), the junctions of short diblocks profile was measured. Without removing the specimen from
s; are well localized at the interface, and the microdomains are the SAXS apparatus its temperature was decreased’fytd
regarded to be divided into two layers: one is composed of settle the specimen at a temperature where the lamellar
mixed brushes oésands;, and the other is composed of only morphology is stable. The temperature of the specimen reached
asbrush. The boundary between the two layers is depicted by equilibrium within 5 min. After attaining temperature equilibra-
a broken line parallel to the interface. This model is the so- tion the scattering profile of the specimen was measured several
called BZL modeP’ and shortsg copolymers, which acts as  times at intervals of 10 min. This method allows to follow the
cosurfactant with longscopolymers, may effectively decrease time evolution of the scattering profile and therefore the
the domain sizepD, and decrease the interface curvature to morphology of the specimen. The scattering profiles measured
stabilize the lamellar phase. On the other hand, at high in such a way, before, during, and after “OOT", are shown in
temperatures (Figure 9b), short diblocks tend to depart from Figure 10. The transition is observed through a change in the
interface and swell the microdomains. As a consequence, thefirst-order peak and also by the transformation of the shoulder
domain size is dominated by long diblocksand become bigger  atg/gm = 1.9 to the peak ai/qn = 2. It seems that the intensity
than that of low temperatures. Note that this speculation is profile changes rapidly with time in early stage and then evotvfﬁl
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Figure 10. SAXS profiles of theags; = 75/25 mixture, indicating
the process of “OOT” from bicontinuous to lamellar phase with
decreasing temperature: the profiles before (at 102)5 during (at
97.5°C and at different intervals from 10 to 100 min), and after the
transition at 95 and 92.%C are shown.
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Figure 11. SAXS profiles of theags; = 75/25 mixture, measured in
situ at 60 min after onset of the transition from bicontinuous to lamella
(O) at 97.5°C and measured after the quenet).(The thermal diffuse
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Figure 12. TEM micrographs of theagds; = 75/25 mixture: the
specimen is quenched during the process of “OOT” from bicontinuous
to lamella. The coexistence of two morphologies can be observed. At
a low magnification, an anisotropic lamellar grain, which is elongated
in the direction parallel to lamellar normal, is in the matrix of
bicontinuous morphology (a), and at high magnification; the interfacial
area between the coexisting two phases is focused (b).

°C. We can confirm that the quench was effective; the two
curves are essentially identical. It should be worthy of comparing
Figures 6 and 11: both are showing a good coincidence of the
profiles before and after the quench; however, the coincidence
in Figure 11 is much better than that in Figure 6. This difference
can be rationalized by the following two factors. First, the
profiles shown in Figure 6 are not subjected for the TDS
corrections, but those in Figure 11 were corrected for TDS. This
accounts for the difference in the coincidence of the two data
sets in Figures 6 and 11 at large valuesjfof, > 4. The effect

of TDS on the scattering profiles at largealues was discussed
earlier in section IV.1. Second, the dynamics of microdomains
or concentration fluctuations abruptly slows down at the

scattering was subtracted from the net observed scattering profiles fortemperatures close @y ps Therefore, the structure at 9726

both cases.

could be well trapped by quench due to a proximity of the

temperature tdyps (Figure 11), whereas the structure at 110
more slowly until to the end of measurement at 100 min. Each °C could be changeable during the quenching process (Figure
measured profiles during the transition were able to be 6). A possible change involved by the quenching process was
decomposed into a linear combination of the profile from the discussed earlier in section IV.1.
lamellar morphology at 97.8C and that from the bicontinuous The observation by TEM of this quenched specimen is shown
morphology at 102.8C. This seems to indicate that during the in Figure 12, which reveals that there are two types of
phase transition the lamellar morphology and the bicontinuous morphologies (the bicontinuous morphology and a regular stack
morphology coexist in the specimen. Gradually the fraction of of lamellae). These results corroborate those obtained by
bicontinuous phase decreases and that of the lamellar phas&AXS: during the “OOT” the two phases coexist, and the
increases. transformation from the bicontinuous structure to the lamellar

We tried to confirm the above result by TEM. A specimen structure developed via the nucleation growth process. The
of theads; = 75/25 mixture was subjected to the same thermal observation of TEM images over a large area of this specimen
protocol as the preceding one employed for SAXS measurement,indicated that the nucleuses of the lamellar phases are aniso-
but the process of the bicontinuous lamella transition was  tropic. They seem always more extended in the direction parallel
interrupted by the quenching as described earlier. In Figure 11,to lamella normal than the other directions. This anisotropy is
the SAXS profile of the quenched specimen, which was probably induced by the anisotropic interfacial free energy on
measured at ambient temperature, is compared with the profilethe interface between the nuclei of lamellae and the matrix of
measured in situ at 60 min after onset of the transition at 97.5 the bicontinuous phase (referred to as LB interface hereage&./
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o) 0.245, while the correspondinpsfor neat block copolymer is
ES extended only down to 0.32. The extended composition range
018502 025 03 035 04 045 o049 of ¢ps for the lamellar phase decreases with increasing tem-
2 ! ' ! ! TR perature so that the extended lamellar phase due to the
200~ asls; =75/25  asls; =45/55 = cosurfactant effect exists in the dome-shaped region which is
e o: Disordered i Morphology: A shown by a shaded region in the parameter space of temperature
"‘.i’_‘ State ° = g;'ﬂlll?du andwg or dps
S enl i : %ODT | 4 Bicontinuous] It may be worthy of commenting possible reasons for _dome-
o 4 : ,/f, g Tﬁlmm:d{l; shaped “OOT"” phase boundary between lamellar and distorted
P B : e - bicontinuous phases. The increas& bt with wss from wg =
E a Distorted. - 0.2 to 0.3 is explained by an effect of increasing overall
120~ oOT a Bicontinuous 4 *, = compositionges namely, the lamellar phase is more stabilized
é \E L ow ik i than the bicontinuous phase when the total volume fraction of
R 4 7 PS is increased to 0.5. At the same time, the increase of the
é X 3 o fraction of s3 decreases the segregation power of the system
- - and therefore decreases the stability of lamellar phase Twith
60 e Denccled. Tg In other words, the bicontinuous phase is expanded with respect
i e J State to T compared to that of lamellar phase. Thls.effect causes the
temperature #0 Lo bl 0. S e decre_ase of!' oot with wg. These two opposing _effe_cts can
& = 5 i is T explain qualitatively the dome shape Bfor VS W, in Figure

13. On the other hand the “ODT” phase boundary monotonically
53 decreases with increasingg, reflecting the fact that the long
Figure 13. Partial phase diagram @fd's; mixtures in the parameter  diblock copolymeiasis much strongly segregated than the short
space of temperature and the weight fractiossoT he mixtures, which diblock ss.
have lamellar morphology at ambient temperature and undergo “OOT” Second, for a neat block copolymer a bicontinuous phase

(lamella/bicontinuous) and “ODT", especialbgs; = 45/55 and 75/ doubl id ph . . . in th
25, are featured. A complete phase diagram oftig mixture system  (double-gyroid phase) exists in a very narrow region in the

will be presented in a forthcoming pap#r. parameter space of temperature atid, near the boundary
between cylinder phase and lamellar phase. The cosurfactant
) ) . e ) effect seems to enlarge the parameter space where the bicon-
We can conS|de'r two kinds of |'nterface and its |'nterfaC|aI free tinuous phase appears, though the phase is considerably distorted
energy as to LB interface: one is the transverse interface wherej, terms of long-range order. This is especially true for the
the LB interface is perpendicular to the lamellar interfaces (or pixture having a large fraction afs e.g., the 75/25 mixture.
parallel to the lamellar normal) with interfacial free energy It should be mentioned in conclusion that although only the
denoted asp hereafter. The other is the longitudinal interface «ooT petween the lamellar structure and the distorted bicon-
where the LB interface is parallel to the lamellar interface (or u0us structure is highlighted in this study, te's mixtures
perpendicular to the lamellar normal) with interfacial free energy cjudes much richer phase behavior with a variety of mor-

denoted as. Sinceor < ¢ is anticipated from the confor-  phoagies, which should be addressed in a forthcoming com-
mational entropy loss in packing of the block copolymer chains panion papef

at the LB interface, the nucleus is expected to have large

extension along the lamellar normal than along the lamellar References and Notes
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