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We investigated the phase behavior near the order-disorder tran@itiof) temperature in a nearly sym-
metric diblock copolymer, using ultra-small-angle x-ray scattering method. In a narrow temperature range very
close to the ODT temperature, we observed the scattering profiles that can be interpreted as a linear combi-
nation of the scattering from the disordered state and that from the ordered lamellar state. These profiles were
stable during the observation tingg0 h), revealing that the two-phase coexistence occurs at thermal equilib-
rium within this temperature rangeS1063-651X99)50408-X]

PACS numbd(s): 61.25.Hq, 64.60.Cn, 61.10.Eq

The order-disorder transitiof©DT) is well known as one function of the conventional SAXS and SANS camera. Un-
of the cooperative phenomena observed in many physicaler this condition the measured scattering profiles cannot be
systemg 1]. For a diblock copolymer, which consists of two correctly desmeared with the instrumental resolution func-
kinds of polymers covalently bonded to each other at theition [17]. Consequently, it is likely that even after the imple-
one ends, the ODT is caused by varying the segregatiomentation of the desmearing process the instrumental broad-
power between two kinds of segmefis3]. Theoretically, ening effects still remain in the profiles, preventing some
the Landau-type mean-field theory for diblock copolymerinteresting phenomena from being revealed.
melts led to the fundamental pictures of the OfATand was For the present study we employed an ultra-small-angle
further generalized by several authPss-7]. The generalized x-ray scattering USAXS) camera[18] which increases the
theories predicted that the effects of random thermal forcepatial resolution by a factor of about 10, compared with the
turn the ODT from a second-order phase transition within theconventional SAXS camera. The USAXS camera uses two
mean-field theory to a first-order phase transition even in @hannel-cut germanium crystals, one to collimate the inci-
symmetric diblock copolymer. It is well known that this dent beam and the other to analyze the scattering radiations.
fluctuation-induced first-order phase transition belongs to thés described elsewherld 9], the instrument permits high-
Brazovskii universality clasg8] and has been observed in temperature experiments ranging from 258 K to at least 573
many systems, such as soft materials and a structural phakg and the sample cell was set within the temperature con-
transition in crystal [9]. Many characteristics of the trolled copper block with accuracy af0.01 K. The sample
fluctuation-induced first-order phase transition in diblock co-size was 5-mm wide, 15-mm high and 2 mm in thickness.
polymers are well described by small-angle x-ray scatteringince the width of the incident x-ray beam is 1 mm, the
(SAXS) or small-angle neutron scatterif§ANS) [10-14], effect of the finite size on the observed scattering intensity
rheology[10,15, and birefringence measuremept$)]. can be ignored in the present study. From the SAXS experi-

In the present Rapid Communication we further show aments[20], the ordering process into the lamellar morphol-
piece of evidence concerning the coexistence of the ordereay at equilibrium took about 1 h in the temperature region
and disordered phases at thermal equilibrium near the ODVery close toT op7; accordingly, the annealing time was set
point, further supporting the concept of the fluctuation-to 2 h ateach temperature.
induced first-order phase transition. A polystyrdaeck We shall first demonstrate the ability of the USAXS cam-
polyisoprene diblock copolyméPSb-Pl) used in this study era, compared with the SAXS camera. The details of the
has overall number-average molecular weight,J 1.9 measurements will be described elsewH&Ha)]. Figure 1
X 10%, molecular weight polydispersityM,,/M,) 1.02, and presents the desmeared USAXS and SAXS profiles around
volume fraction of polystyrene blockf) 0.46. the first-order scattering maximum measured for the same

The SAXS and SANS are useful for investigations of thesample specimen in an ordered phase at equilibrayis the
internal structure of the sample. As will be shown later inmagnitude of the scattering vectays= (4/\)sin(6/2) with
Fig. 1, however, the scattering profiles from the ordered\ and 6 being the x-ray wavelength and scattering angle,
phases can be very sharp with their full width at half maxi-respectively. Both USAXS and SAXS profiles were cor-
mum (FWHM) much smaller than those for the weighting rected for air scattering, absorption, and slit-height and slit-

width smearing. The absolute intensity was obtained using
the nickel-foil method22]. This figure shows that the two
*Present address: Department of Chemistry, State University ogcattering profiles are quite different even after the imple-

New York at Stony Brook, Stony Brook, NY 11794-3400. mentation of the desmearing process: FWHM for the des-
TAuthor to whom all correspondence should be addressed aneared USAXS and SAXS profiles are 50 3 nm™!
Kyoto University. and 9.x 10 % nm™%, respectively, and the intensity of the
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FIG. 1. Absolute intensity results for the USAXBlosed sym- FIG. 3. Temperature dependence(af 1 and (b) aﬁ. In the

bolg) and the SAXS(oper_l symbols profiles in t_he Order_ed state  cpexistence region, there are two contributions: one from the broad
(T=403 K). The dotted lines show the resolution function of the profile arising from the disordered phagbe data shown by open
USAXS camera. circles and the other from the sharp profile arising from the ordered
o o . . phase(the data shown by closed circjeShe observed net peak
tails in the USAXS profile is quite suppressé2B]. This  intensities in the coexistence region are shown by crosses.
means that the desmeared SAXS profile does not represent a
correct scattering profilE24]. Thus, it turns out that the US- 54 are pest interpreted as a superposition of those from the
AXS method has a great advantage in analyzing the shargyereq and disordered phases. To emphasize this, we plot
scattering profiles inherent in samples with highly regularthree scattering profiles dt=413.8, 415.6, and 417.5 K in
structures, such as lamellar morphology'in thg ordergd. stat@e inset of Fig. 425]. Thus, the ,Iamella'r and disordered
We now turn to the USAXS observations in the Vicinity npases coexist in this temperature range. Since these scatter-
of Topr. Representative results for cooling measurement g profiles were observed at a temperature range from
are plotted in Fig. 2. The figure shows only that portion of-|-C | =414.2 K toTe y=416.4 K, the temperature range for
the scattering profiles very near the scattering maximum. Thg, 2" .jaxistence is estimated about 2.2 K whegg and
scattering profiles af=413.8 and 417.5 K are interpreted as Tey are defined as lower and upper boun’ds of the coexist-
those for the fully orderedamellap and disordered phases, ence region, respectively. The recent theoretical study by
re_spectively. This is also cc_>nfirmed by transmission eIECtrorl‘-lohenberg énd Swift7] provides, in principle, the thermal-
microscopy(TEM) observation$21(b)]. As temperature_cie— fluctuation-driven two-phase coexistence over a finite tem-
creased, the scattering intensity at aroupd 0.35 NM * yoranre range even for block copolymers with no polydis-
(0.346<q<0.355 nm~) grew, while the intensity outside e gjties in molecular weight and composition. It is noted
this g region decreased. It is important to note that the progpa¢ the scattering profiles in the coexistence region did not
files at each temperature shown in Fig. 2 were stable duringp,q,y the temperature hysteresis in the time scale of obser-
the observation timeat least for 50 h in this cageConse-  4tion used in this study. This also supports that the nature of

quently, these profiles can be regarded essentially as thoggyT for the nearly symmetric block copolymer is a weak
from the equilibrium state. These profiles obtained at a narg ¢t_order phase transition.

row temperature range of 414.5Kr<416.1 K do not be- To deduce the quantities characterizing the scattering pro-
long to those for the fully ordered or fully disordered phasejjes in the coexistence region, the measured profiles were
decomposed into the sharp and broad components by fitting
them with a linear combination of Gaussian and Lorentzian
functions, respectivel{26]. Figure 3 depicts the plots of the
reciprocal peak intensityr;1 (a) and the square of the half
width at the half maxima:rg (b) versus 1T for each of the
decomposed profiles. Although the discontinuities in those
plots, which reflect the fluctuation-driven first-order phase
transition, have been observed by SAXS and SANS experi-
ments[10-14,27,28 the quantitative estimations of the dis-
continuities obtained from SAXS or SANS are found to be
affected considerably by the instrumental resolufi29.

In the coexistence region, there are two contributions on
the scattering intensity: one from the ordered phatesed
circles and the other from the disordered pha&men
5 . , circles. I;l from the ordered phase in the coexistence re-
033 0.34 0.35 0.36 037 gion decreases with decreasifigreflecting the increase of
the volume fraction of the ordered phase with decrea3ing

FIG. 2. Temperature dependence of the USAXS profiles neaf N€ fraction of the ordered phases was found to increase
Toor. The inset picks up only three profiles Bt=413.8, 417.5, €xponentially on approaching the fully ordered region
and 415.6 K, representative for fully ordered state, fully disordered 21(a)]. o for the ordered phase in the coexistence region is
state, and order-disorder coexistence state, respectively. slightly larger than that belowl¢ | (in the fully ordered
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FIG. 4. Temperature dependence @f Open symbolsD for
disordered state; closed symbdsfor ordered state.

region, which is due to the lamellar distortiof80] and/or
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i.e., D almost linearly increases with T/ However, a small
jump in D is clearly observed for the ordered phdsksed
circles in the coexisting region for both heating and cooling
processes. The maximum value of the jumpDnis only
abou 1 A but is very reproducible. The jump corresponds to
only 10 s of arc ind and hence is easily overlooked by the
conventional SAXS camera. This excess increase of the
spacingD is not well understood at present and deserves
further investigation.

Furthermore, using another BSPI diblock polymer hav-
ing different molecular weight NI,=1.5x10%, M,,/M,
=1.02), but the same compositiof= 0.45),we found that
the temperature range for the two-phase coexistence tends to
decrease with increasing,,, i.e., with decreasing the first-
order character of the phase transitj@i(a)]. The same ten-
dency has been reported in the sponge-to-lamellar phase
transition in lyotropic liquid crystals which also belong to the
Brazovskii's universality clasg31]. Thus, the phenomenon
is probably universal to any fluctuation-induced first-order

finite size of the lamellar grains caused by the fluctuatiorbhase transitiof32]. It should be noted that the jump Bin

effects.

Figure 4 shows the temperature dependence of the ch
acteristic lengtlb (=2w/q,,), whereq,, is the peak position

of the scattering maximum. Experimentally,
that D linearly increases with increasing TL./near Topt
[10,13,28,30) except for the data of Stm et al. [11] who
reported a small discontinuous decreas& @r. In Fig. 4,
the variation ofD with T in the fully disordered regiofopen
circles, in the fully ordered regioiiclosed circlesand in the

trhe coexistence region is also observed in the lower molecu-

4ar weight block copolymef21(a)].

In summary, we show the experimental evidence of the

it is well known 5 nhase coexisting region near the ODT temperature for a

series of the nearly symmetric diblock copolymers. The find-
ings of this study lead to a conclusion that such coexistence
is a substantial phenomenon in the fluctuation-induced first-
order phase transition.

disordered phase of the order-disorder coexistence region We thank K. Kimishima of our project for the desmearing
(open circlesare almost consistent with the previous reports,program.
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