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Coexistence of ordered and disordered phases in a nearly symmetric diblock copolymer
near an order-disorder transition point

Tadanori Koga,* Tsuyoshi Koga, and Takeji Hashimoto†

Hashimoto Polymer Phasing Project, ERATO, Japan Science and Technology Corporation, and Department of Polymer Chem
Graduate School of Engineering, Kyoto University, Kyoto 606-8501, Japan

~Received 26 February 1999!

We investigated the phase behavior near the order-disorder transition~ODT! 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 time~50 h!, revealing that the two-phase coexistence occurs at thermal equilib-
rium within this temperature range.@S1063-651X~99!50408-X#

PACS number~s!: 61.25.Hq, 64.60.Cn, 61.10.Eq
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The order-disorder transition~ODT! is well known as one
of the cooperative phenomena observed in many phys
systems@1#. For a diblock copolymer, which consists of tw
kinds of polymers covalently bonded to each other at th
one ends, the ODT is caused by varying the segrega
power between two kinds of segments@2,3#. Theoretically,
the Landau-type mean-field theory for diblock copolym
melts led to the fundamental pictures of the ODT@4# and was
further generalized by several authors@5–7#. The generalized
theories predicted that the effects of random thermal fo
turn the ODT from a second-order phase transition within
mean-field theory to a first-order phase transition even i
symmetric diblock copolymer. It is well known that th
fluctuation-induced first-order phase transition belongs to
Brazovskii universality class@8# and has been observed
many systems, such as soft materials and a structural p
transition in crystal @9#. Many characteristics of the
fluctuation-induced first-order phase transition in diblock c
polymers are well described by small-angle x-ray scatter
~SAXS! or small-angle neutron scattering~SANS! @10–14#,
rheology@10,15#, and birefringence measurements@16#.

In the present Rapid Communication we further show
piece of evidence concerning the coexistence of the ord
and disordered phases at thermal equilibrium near the O
point, further supporting the concept of the fluctuatio
induced first-order phase transition. A polystyrene-block-
polyisoprene diblock copolymer~PS-b-PI! used in this study
has overall number-average molecular weight (Mn) 1.9
3104, molecular weight polydispersity (Mw /Mn) 1.02, and
volume fraction of polystyrene block (f ) 0.46.

The SAXS and SANS are useful for investigations of t
internal structure of the sample. As will be shown later
Fig. 1, however, the scattering profiles from the orde
phases can be very sharp with their full width at half ma
mum ~FWHM! much smaller than those for the weightin
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function of the conventional SAXS and SANS camera. U
der this condition the measured scattering profiles canno
correctly desmeared with the instrumental resolution fu
tion @17#. Consequently, it is likely that even after the impl
mentation of the desmearing process the instrumental br
ening effects still remain in the profiles, preventing som
interesting phenomena from being revealed.

For the present study we employed an ultra-small-an
x-ray scattering~USAXS! camera@18# which increases the
spatial resolution by a factor of about 10, compared with
conventional SAXS camera. The USAXS camera uses
channel-cut germanium crystals, one to collimate the in
dent beam and the other to analyze the scattering radiati
As described elsewhere@19#, the instrument permits high
temperature experiments ranging from 258 K to at least
K, and the sample cell was set within the temperature c
trolled copper block with accuracy of60.01 K. The sample
size was 5-mm wide, 15-mm high and 2 mm in thickne
Since the width of the incident x-ray beam is 1 mm, t
effect of the finite size on the observed scattering inten
can be ignored in the present study. From the SAXS exp
ments@20#, the ordering process into the lamellar morpho
ogy at equilibrium took about 1 h in the temperature reg
very close toTODT; accordingly, the annealing time was s
to 2 h ateach temperature.

We shall first demonstrate the ability of the USAXS cam
era, compared with the SAXS camera. The details of
measurements will be described elsewhere@21~a!#. Figure 1
presents the desmeared USAXS and SAXS profiles aro
the first-order scattering maximum measured for the sa
sample specimen in an ordered phase at equilibrium.q is the
magnitude of the scattering vector,q5(4p/l)sin(u/2) with
l and u being the x-ray wavelength and scattering ang
respectively. Both USAXS and SAXS profiles were co
rected for air scattering, absorption, and slit-height and s
width smearing. The absolute intensity was obtained us
the nickel-foil method@22#. This figure shows that the two
scattering profiles are quite different even after the imp
mentation of the desmearing process: FWHM for the d
meared USAXS and SAXS profiles are 2.531023 nm21

and 9.131023 nm21, respectively, and the intensity of th
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tails in the USAXS profile is quite suppressed@23#. This
means that the desmeared SAXS profile does not repres
correct scattering profile@24#. Thus, it turns out that the US
AXS method has a great advantage in analyzing the sh
scattering profiles inherent in samples with highly regu
structures, such as lamellar morphology in the ordered s

We now turn to the USAXS observations in the vicini
of TODT. Representative results for cooling measureme
are plotted in Fig. 2. The figure shows only that portion
the scattering profiles very near the scattering maximum.
scattering profiles atT5413.8 and 417.5 K are interpreted
those for the fully ordered~lamellar! and disordered phase
respectively. This is also confirmed by transmission elect
microscopy~TEM! observations@21~b!#. As temperature de
creased, the scattering intensity at aroundq50.35 nm21

(0.346,q,0.355 nm21) grew, while the intensity outside
this q region decreased. It is important to note that the p
files at each temperature shown in Fig. 2 were stable du
the observation time~at least for 50 h in this case!. Conse-
quently, these profiles can be regarded essentially as t
from the equilibrium state. These profiles obtained at a n
row temperature range of 414.5 K<T<416.1 K do not be-
long to those for the fully ordered or fully disordered pha

FIG. 1. Absolute intensity results for the USAXS~closed sym-
bols! and the SAXS~open symbols! profiles in the ordered stat
(T5403 K!. The dotted lines show the resolution function of t
USAXS camera.

FIG. 2. Temperature dependence of the USAXS profiles n
TODT . The inset picks up only three profiles atT5413.8, 417.5,
and 415.6 K, representative for fully ordered state, fully disorde
state, and order-disorder coexistence state, respectively.
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and are best interpreted as a superposition of those from
ordered and disordered phases. To emphasize this, we
three scattering profiles atT5413.8, 415.6, and 417.5 K in
the inset of Fig. 2@25#. Thus, the lamellar and disordere
phases coexist in this temperature range. Since these sc
ing profiles were observed at a temperature range fr
TC,L5414.2 K toTC,H5416.4 K, the temperature range fo
the coexistence is estimated about 2.2 K, whereTC,L and
TC,H are defined as lower and upper bounds of the coex
ence region, respectively. The recent theoretical study
Hohenberg and Swift@7# provides, in principle, the thermal
fluctuation-driven two-phase coexistence over a finite te
perature range even for block copolymers with no polyd
persities in molecular weight and composition. It is not
that the scattering profiles in the coexistence region did
show the temperature hysteresis in the time scale of ob
vation used in this study. This also supports that the natur
ODT for the nearly symmetric block copolymer is a we
first-order phase transition.

To deduce the quantities characterizing the scattering
files in the coexistence region, the measured profiles w
decomposed into the sharp and broad components by fi
them with a linear combination of Gaussian and Lorentz
functions, respectively@26#. Figure 3 depicts the plots of th
reciprocal peak intensityI m

21 ~a! and the square of the ha
width at the half maximasq

2 ~b! versus 1/T for each of the
decomposed profiles. Although the discontinuities in tho
plots, which reflect the fluctuation-driven first-order pha
transition, have been observed by SAXS and SANS exp
ments@10–14,27,28#, the quantitative estimations of the dis
continuities obtained from SAXS or SANS are found to
affected considerably by the instrumental resolution@29#.

In the coexistence region, there are two contributions
the scattering intensity: one from the ordered phase~closed
circles! and the other from the disordered phase~open
circles!. I m

21 from the ordered phase in the coexistence
gion decreases with decreasingT, reflecting the increase o
the volume fraction of the ordered phase with decreasingT.
The fraction of the ordered phases was found to incre
exponentially on approaching the fully ordered regi
@21~a!#. sq

2 for the ordered phase in the coexistence region
slightly larger than that belowTC,L ~in the fully ordered

ar

d

FIG. 3. Temperature dependence of~a! I m
21 and ~b! sq

2. In the
coexistence region, there are two contributions: one from the br
profile arising from the disordered phase~the data shown by open
circles! and the other from the sharp profile arising from the orde
phase~the data shown by closed circles!. The observed net pea
intensities in the coexistence region are shown by crosses.
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region!, which is due to the lamellar distortions@30# and/or
finite size of the lamellar grains caused by the fluctuat
effects.

Figure 4 shows the temperature dependence of the c
acteristic lengthD(52p/qm), whereqm is the peak position
of the scattering maximum. Experimentally, it is well know
that D linearly increases with increasing 1/T near TODT
@10,13,28,30#, except for the data of Stu¨hn et al. @11# who
reported a small discontinuous decrease atTODT. In Fig. 4,
the variation ofD with T in the fully disordered region~open
circles!, in the fully ordered region~closed circles! and in the
disordered phase of the order-disorder coexistence re
~open circles! are almost consistent with the previous repor

FIG. 4. Temperature dependence ofD. Open symbols,D for
disordered state; closed symbols,D for ordered state.
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i.e., D almost linearly increases with 1/T. However, a small
jump in D is clearly observed for the ordered phase~closed
circles! in the coexisting region for both heating and coolin
processes. The maximum value of the jump inD is only
about 1 Å but is very reproducible. The jump corresponds
only 10 s of arc inu and hence is easily overlooked by th
conventional SAXS camera. This excess increase of
spacingD is not well understood at present and deser
further investigation.

Furthermore, using another PS-b-PI diblock polymer hav-
ing different molecular weight (Mn51.53104, Mw /Mn
51.02), but the same composition (f 50.45),we found that
the temperature range for the two-phase coexistence ten
decrease with increasingMn , i.e., with decreasing the first
order character of the phase transition@21~a!#. The same ten-
dency has been reported in the sponge-to-lamellar ph
transition in lyotropic liquid crystals which also belong to th
Brazovskii’s universality class@31#. Thus, the phenomeno
is probably universal to any fluctuation-induced first-ord
phase transition@32#. It should be noted that the jump inD in
the coexistence region is also observed in the lower mole
lar weight block copolymer@21~a!#.

In summary, we show the experimental evidence of
two-phase coexisting region near the ODT temperature fo
series of the nearly symmetric diblock copolymers. The fin
ings of this study lead to a conclusion that such coexiste
is a substantial phenomenon in the fluctuation-induced fi
order phase transition.

We thank K. Kimishima of our project for the desmearin
program.
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@23# The asymmetry seen in the USAXS profile such that the int

sity at the higherq-region of the scattering maximum is mor
intense than that at the lowerq-region of the maximum may be
related in principle to moduli for undulation, dilation and com
pression of lamellae, as discussed in fluid multimembrane s
tems @D. Roux and C. R. Safinya, J. Phys.~France! 49, 307
~1988!#.

@24# This is because the true scattering function has a very sh
maximum with FWHM nearly equal to 2.531023 nm21, very
much sharper than the profile of the slit-width weighting fun
tion ~with FWHM 1.231022 nm21) of the SAXS camera. We
note that the FWHM value for the USAXS camera used
1.831023 nm21, smaller than the FWHM value for the tru
scattering function.

@25# We note that the small spike atq50.35 nm21 on the top of
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the broad maximum may be easily overlooked in experime
with the conventional SAXS camera. Even if one can for
nately obtain the profile suggesting the order-disorder coex
ence by using SAXS, it is impossible to accurately decomp
it into the sharp and broad components corresponding to
ordered and disordered phases, respectively. Thus the US
method is quite useful to investigate the order-disorder co
istence.

@26# The observed broad scattering profiles from the disorde
phase are in good agreement with the Leibler’s scattering fu
tion. Moreover, the Leibler’s scattering function aroundqm

from the disordered melt can be expressed by Lorentzian f
~see, for example, Ref.@27#!. On the other hand, as shown
Fig. 1, the scattering profile from the ordered state is close
that of the resolution function for the USAXS camera~Gauss-
ian function!, except for the tails around the scattering ma
mum. A weight average of Lorentzian and Gaussian functi
show a quite good agreement with the observed scattering
file in the region of 0.3,q,0.4 nm21. The detail will be
given elsewhere„Ref. @21~a!#….

@27# T. Ogawaet al., Macromolecules29, 2113~1996!.
@28# N. Sakamoto and T. Hashimoto, Macromolecules28, 6825

~1995!.
@29# In order to discuss the performance of the apparatus, we in

duce dimensionless quantitiesI mo
21/DI m

21 andsqo
2 /Dsq

2, where
DX[XD2Xo is the amount of the discontinuity ofX(I m

21 or
sq

2), andXD andXo are the value ofX in the disordered and
the ordered phases very close to the ODT temperature, res
tively. The values ofXD obtained by SAXS~or SANS! and
USAXS are almost the same, because the profiles in the f
disordered state are very broad, while the value ofXo depends
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very much on the instrumental resolution, because the pro
in the fully ordered phase are generally very sharp. If the sc
tering intensity is measured with the limited instrumental re
lution, the values of these dimensionless quantities are la
than their intrinsic values. According to the previous repo
~Ref. @28#!, I mo

21/DI m
21 andsqo

2 /Dsq
2 in SAXS results were 0.4

and 0.06, respectively. On the other hand, those of the pre
case are 0.05 and 0.005, respectively, smaller by a facto
about 10 than the values of the previous reports, clearly rev
ing superiority using the USAXS camera.

@30# J. H. Rosedaleet al., Macromolecules28, 1429~1995!.
@31# J. Yamamoto and H. Tanaka, Phys. Rev. Lett.77, 4390~1996!.
@32# The effects of the polydispersity may affect the phase tran

tion in real experimental systems. Unfortunately, since ther
no rigorous theory that is applicable to quantitative argum
of the phase transition of our diblock copolymers having lo
molecular weight at this stage and there is no systematic
perimental results of the polydispersity effects on the ph
transition in diblock copolymer melts, we cannot explicit
show how the polydispersity effects affects the phase transi
near the ODT in our system at present. However, we can
that the phase coexistence observed in our experiments ca
be interpreted by the simple argument of the phase separa
by the polydispersity effects because we obtained experime
results of the real-space structure at the temperature in
coexistence region by using TEM, which show that the m
roscopic two-phase separation of the ordered~lamellar! and the
disordered phases does not take place. The details of
method and the results of the TEM experiments will be p
sented elsewhere@21~b!#.


