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Long-range density fluctuations in a symmetric diblock copolymer
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We present an experimental piece of evidence of the excess small-angle-scattering in a nearly symmetric
diblock copolymer. This phenomenon is observed only in the two-phase coexistence region of the ordered and
disordered phases near the order-disorder transition temperature, using the ultra-small-angle x-ray scattering
method. This excess scattering is found to be caused by the difference of the density between the ordered and
disordered phases in the coexistence redi8i063-651X99)50610-7

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

If two kinds of polymers are covalently bonded to each The polystyrendslock-polyisoprene diblock copolymer
other at one of their ends, diblock copolymers are obtainedPSb-PI) used has an overall number-average molecular
The “block connectivity” induces the thermodynamic insta- weight M, of 1.9x10% its polydispersity indexM,, /M,
bility at a finite wave numbeq=q,,#0 [1] and the growth =1.02, and a volume fraction of PS blo¢ks of 0.46. The
of the dominant mode of the concentration fluctuations withspecimen for USAXS measurements was first dissolved in
dm is known traditionally as “microphase separation transi-toluene, and a homogeneous solution containing 5 wt %
tion (MST)” or “order-disorder transition(ODT).” One of  polymer was purified through a millipore film of 0.2m
the interesting properties of the ODT in block copolymers ispore size, since the artifact due to foreign particles in the
fluctuation-induced first-order phase transit{@j, in which  sample may remarkably increase the USAXS intensities in
the nature of the phase transition changes from second-ordére lowerq region[13]. Then the solution was cast into a
in mean-field theory 1] to first-order due to the fluctuation film specimen by slowly evaporating the solvent at room
effects [3,4]. Experimentally the effects were first illumi- temperature. The sample was kept at each measuring tem-
nated by Batet al. [5] and later by several other groups perature fo 2 h before the USAXS measurement was taken
[6-9]. to make sure that it was in thermal equilibrium. The sample

Recently, we presented a new piece of evidence on theemperature was controlled with an accuracy of better than
fluctuation-induced first-order phase transition in diblock co-+0.01 K.
polymers: the coexistence of the ordered and disordered An example of a USAXS profile in the two-phase coex-
phases near the transition temperafd@. The observations isting state aff=415.6 K is shown in Fig. 1, highlighting
were achieved by using an ultra-small-angle x-ray scatteringnly near the first-order scattering maximum. The USAXS
(USAXS) camera that has a spatial resolution higher than th@rofile was corrected for air scattering, absorption, and slit-
small-angle x-ray scattering3AXS) camera by at least one smearing effects. The scattering profiles observed at a nar-
order of magnitudg11]. Although the fluctuation-induced row temperature range of 4142 <416.4 K were obvi-
existence of biphase is expected by recent theoretical studiesisly reproduced by a summation of both the sharp
[3,4,12, the actual phase behavior of the coexisting state irtomponent, typical of the ordered phase, and broad compo-
diblock copolymers has never been examined both theorethent, typical of the disordered state, as shown in Fig. 1. We
cally and experimentally. should point out that the scattering profiles in the coexistence

In this Rapid Communication we extensively investigateregion were stable for at least 50 h and that no hysteresis was
the two coexisting phases of a nearly symmetric diblock co-observed within the time scale of our observation, revealing
polymer from the scattering property and show the first evithat the coexistence occurs at thermal equilibrit,14.
dence, to our knowledge, d¢bng-range density fluctuations Here in this communication we concentrate on the scat-
occurring inside the coexistence region by using the USAXSering profile in the smallg region, satisfyingg<g,, ob-
camera. tained from the USAXS measurements, wheris the mag-

nitude of the scattering vector defined byg
= (4=/\)sin(6/2) with X and 6 being the x-ray wavelength
*Present address: Department of Chemistry, State University oind scattering angle, amyj, is q at the maximum scattering
New York at Stony Brook, Stony Brook, NY 11794-3400. intensity. Figure 2 shows the temperature dependence of the
"Present address: Department of Polymer Chemistry, Graduald SAXS profiles with 0.008 q<0.45 nmi®. The scattering
School of Engineering, Kyoto University, Kyoto 606-8501, Japan. maximum atg=g,, shown in Fig. 1 is seen at the right-hand
*Present address: Tonen Chemical Co., 3-1, Chidori-cho, Kaedge in Fig. 2. It should be noted that all scattering profiles

wasaki, Kanagawa 210-0865, Japan. are corrected deliberately only for air scattering to avoid any
SAuthor to whom correspondence should be addressed at Kyotartifacts caused by the desmearing process. The Leibler
University. random-phase-approximatiofRPA) theory predicted that
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FIG. 1. The scattering profile 8t=415.6 K shown by the solid FIG. 3. Temperature dependence of the specific volume of the
circles is decomposed into a narrow component shown by the brosample neail op7. The calculated values of the specific volume in
ken line and a broad component shown by the dotted line. The solighe coexistence regioN,co, are shown by the solid circles.
line represents the best-fit profile.

and diminished again in the fully disordered phase. As can

the connectivity between andB chains in the diblock €0°  he seen in the inset of Fig. 2, the temperature dependence of
polymer completely suppresses concentration fluctuations of

: he scattering intensity at the lowest accessilde
the large length scale much larger than the radius of th%_ - a N
gyration of the block copolymer chain. That is, the =0.008 nm) in the present study(q=0.008 nm"), is

asymptotic value of the scattering profile&q) in diblock simila}r. to the critical b_ehavior in the second-order phase
copolymer melts is lim(q)=0 for incompressible liquids transition[16]. Theq region where this upturn occurs corre-
q—0 sponds to the length scale greater tha200 nm. This excess
[1]. In practice, so far as the fully ordered and disorderedscattering suggests a possibility that there are long-range
phases are concerned, this constraint was valid at least agensity heterogeneities only in the coexistence region. In
proximately; see, e.g., the observed scattering profile in thether words, the incompressibility assumed in the th¢afy
disordered state at=417.0 K shown in Fig. 215]. How- is not satisfied. However, the failure of the incompressibility
ever, it is striking to note that in the biphase region ofis proven only for the coexistence region.
414.2<T=4164 K a strong small-angle scattering in excess In order to study the relationship between this anomaly
of that from the fully ordered and disordered phases can band the density heterogeneities, we measured the tempera-
discerned in the very smallq region, smaller than ture dependence of the bulk density near the ODT tempera-
~0.04 nm’ This excess scattering was increased with in-ture Topy Using a conventional pycnometer. This instrument
creasing temperature on approaching the disordered phasensists of a glass capillary filled with ethylene glycol in
contact with the sample volume and is kept in an oil-filled
1000 p T ——— thermostat, allowing for the measurements of relative vol-
[ ~ 1000 F——T7— 3 ] ume change$l7]. The temperature increment and the tem-
£ P ] perature stability for the measurements are 0.5 a0 K,
% ol ‘! . J 1 respectively. Figure 3 shows the temperature dependence of
g | G ] the specific volume of the sample n8agpt corrected for the
414 416 418 volume change of ethylene glycol with temperature. The vol-
3 ume rapidly decreases with increasiign the narrow tem-
perature range centered around the coexistence region found
7 ] in the inset of Fig. 2(shown by the vertical dotted lings
AU while the volume increases with increasifigoutside the
I 31 region. This change in the volume is seen to occur over a
I [ 4144K y . .
—— 415.5K 2 temperature range slightly larger than the changd (i
e x =0.008 nmY). A similar result was reported by Kasten and
—0- 417K (disordered) Stthn [18]. This indicates that the decrease in the volume in
10p e e e the coexisting region is caused by the increase in the volume
0.01 fraction of the disordered phases.
From the pycnometry and USAXS, an important conclu-
FIG. 2. Temperature dependence of the smeared USAXS proSion can be drawn: the excess small-angle scattering origi-
files nearTopr. In the inset, the smeared scattering intensities atnates from coexistence of the ordered and disordered phases
g=0.008 nm! are plotted as a function of temperature. having different electron densities. However, since informa-

Intensity (arb. units)

q(nm™)
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dependence ofpg(0) determined by the SAXS method.

, L] Details of SAXS analysis are given elsewhgtd]. The val-
4000 ; i : ues ofl1pg(0) are estimated from the best-fitting results be-
Eéi iiﬁi ¥ <1320 tween Eq.(1) and the experimental data in an intermedigte
- “"ﬁ;ii P region where log-g? plots show a linear relationshi24].
E i d A The temperature dependencel gf5(0) in the fully ordered
) 350-{‘ P v and disordered phases can be smoothly connected by a
?31. coexistence region Ji2s05 straight line, but the valuelspg(0) in the two-phase region
B } { { -~ z are higher than the values given by a straight line. According
{ ﬁ to the TDS'’s theonyf23], 11p5(0) is expressed by
300
H}{H{HH{HH { { 1240 l10s(0)/ pei= peks T/[ pmvi(€)], (2
250k ! ! ! 1} wherep, is the average electron densilgg is Boltzmann's
405 410 {1(1]2) 420 42 constantp,, is the mass density, ang(e) is the group ve-

locity of acoustic phonons in the directi@+ g/q. The con-
FIG. 4. Temperature dependencelefis(0) shown by squares tribution of the long wavelength thermal vibration to the total
and(v?2)*2 shown by circles. density fluctuation is given by the spherical average of Eq.

. o ),
tion of the excess scattering is limited in terms of the acces-

sible smallestg limit in the present study, it is difficult to 5
discuss this phenomenon quantitatively. Further work on this l10s(0)/ per=peksT/ (pm{ ¥ (€))). 3
problem is currently in progress.

The increase in the large length scale density fluctuationn order to examine this anomaly further, we tried to separate
upon decreasing temperature from the fully disordered statge contribution of the anomaly in TDS into those from
towardTopr appears to be somewhat analogous to that foundor ) and(»?)Y2 assumed that Eq3) is valid within the
in the vitrification process of glass forming liqUiti9)]. In the  opserved temperature range. As seen in Fig. 4, it is clear that
glass forming liquid, upon lowering temperature toward theihe values of( V|2>1/2 decrease with increasing, and an
glass transition temperaturel), the long-range density .0--100s drop o(v|2>1’2 is discerned in the coexistence

fluctuations are developed in the system. The origin of thegqion “indicating that the long-range spatial heterogeneities
ot the system suppress the acoustic phonons. Thus, the

anomaly in TDS is found to be related not only to the

idlike” regiops with different relaxation times. The density anomaly in density but also to that in long wavelength acous-
fluctuations in block copolymer systems occur between thq—ﬁc phonons

ordered and diso_rdered regipns and are S“PF’“?SS?O' z?‘gainFinally, the temperature dependence of the specific vol-
upon the completion of orqlerlng, th? trend of Wh'ch Is dif- ume may be looked into more closely. We tried to estimate
ferent from the glass forming materials. However T of the specific volume in the coexistence regidhyo(T), by

the block copolymer is close to the ODT temperature, theassumin ; : :
: ; g thaV/(T) are approximately described in terms
density fluctuations developed would not be relaxed bubf the weight average of the specific volume in the ordered

ratlrle_r V.VOtUId f:_eez(: upotn I?r:N ?”n_g Flerr?peira';ﬁre. f phase and that of the disordered phase which are obtained by
IS Interesting to note that, simiarly to Ihe case o ourstraight lines shown in Fig. 3. The temperature dependence

block cppolymer, an increase in the bu!k specific vo_Iumeof the fraction for the ordered phases was estimated from the
occurs in the process of the condensation of water in th

. . i AX [ fil ing that th isti
glassy staté20]. By using the molecular dynamics simula- Usaxs scattering profiles by assuming that the coexisting

fon. th £ tw isti h differing in d scattering profiles could be approximately described by a
lon, the presence of two coexisting pnases Ciftering |n. ®Minear combination of scattering profiles at the temperature
sity has been indicated near a liquid-liquid critical pdiat]: just below and abovdopr [14]. As shown in Fig. 3, the

the systems separate into two phases characterized by d'ffoj'stimated values o¥/qg (closed circles are found to be

ent densities, structures, and mobilities, similar to the case Qf - 1or than the observed values under the above assump-

block copolymer at ODT. _tions. It would be very important to clarify such complex

An anomaly in the two-phase region is further observed th . : .
; X -~ ) enomena associated with a coupling between the two
the thermal diffuse scatterin@DS) atq=0, as well. TDS is phases, not only in the field of block copolymers but also in

known to be caused by acoustic phonons propagating in th&her fields of physical science

Trr_1hed|umttV|a_1 cqotpera_ttl_ve tr;e_lfgal motion of the mole(t:u(;es. To summarize, we have obtained information regarding
e scattering intensities of TDS;pg(q), are approximated o 14 phase coexistence region for a nearly symmetric

by diblock copolymer by using combined USAXS and SAXS
profiles covering the widg range of 0.008q<6.5 nm 1.
l1os(Q) = I tps(0)exp(@q?), (1) In the coexistence region nediopr, we observed the
anomaly in the long range density fluctuation as well as the
wherea is a constant anthpg(0) is an extrapolated scatter- anomaly in the long wavelength acoustic phonons caused by
ing intensity aig=0 [22,23. Figure 4 shows the temperature the spatial heterogeneities of the density.

dicted by the coexistence of the “liquidlike” and the “sol-
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