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The disorder-to-order transition in asymmetric diblock copolymers of polystypaigsoprene is
studied using small angle x-ray scattering. In between the homogeneously disordered state at high
temperature and the bcc ordered array of spheres we find a stable state of liquidlike order between the
spherical domains. Quantitative analysis of this order is possible in the framework of the Percus-Yevick
theory for hard sphere liquids. The transition to the ordered state occurs at a sphere volume fraction of
0.47. The size of the spheres may be determined in the disordered as well as the ordered state and is
found to increase continuously with decreasing temperature.

PACS numbers: 61.25.Hq, 61.10.Eq, 64.70.Dv

The microphase separation transition in block copoly-A full account of this investigation including molecular
mers combines the properties of a segregation phenomereight dependence will be given separately [9]. We use
non and of a disorder-to-order transition. It is therefore ofsmall angle x-ray scattering (SAXS) to characterize quan-
interest in the context of many fields of physics. Animpor-titatively the disordered as well as the ordered state and
tant impulse for both theoretical and experimental studieshe temperature driven transition. We will show that the
was provided by theory [1], pointing out the similarity of transition to the ordered state is preceded by a microphase
the microphase separation transition in block copolymerseparated state of liquidlike order between domains.
and the solidification of a liquid. The latter aspect refers The diblock copolymer used in this study is a
to the ordering of domains on a macrolattice. polystyrengpoly(cis1-4)isoprene of molecular weight

In the simplest case of a diblock copolymer theseM,, = 46000 and polydispersityM,,/M, = 1.09. The
are linear chain molecules consisting of two chemicallyvolume fraction of polystyreng is 0.11. It was synthe-
distinct blockdA], and[B],,. For most pairs of monomers sized anionically in our laboratory using standard high
one has a repulsive effective interaction betwdesmdB  vacuum techniques.
segments. As a consequence the system phase separatebhe SAXS measurements were carried out in an evacu-
on a mesoscopic scale as soon as this interaction outweighted Kratky compact camera to reduce background and
the entropy of mixing. In contrast to the macroscopicto avoid degradation of the sample. Temperature sta-
phase separation which is generally observed in polymduility was better than 0.2 K. The source of radia-
blends this phenomenon is termed microphase separatidgion was a sealed x-ray tube with a Cu anode, and a
transition. It is a disorder-to-order transition (DOT) in the graphite monochromator was applied to select the wave-
liquid state. For symmetric compositiorf & 1/2) the  length of CuKa radiation A = 0.1542 nm. Data have
properties of this transition have been extensively studiebeen desmeared using standard procedures to result in
theoretically [1-3] and the thermotropic transition couldthe scattering cross section. The registration of a scat-
be observed experimentally [4—7]. tering profile at one temperature takes approximately 120

The picture of the DOT is qualitatively different when min, and the sample was annealed after each temperature
one changes the composition of the diblock copolymerchange for 30 min to make sure that it was in thermal
from the symmetric to the asymmetric case [8]. Theequilibrium. Repeated heating and cooling cycles with
separation of segmentsandB in the ordered state now fresh samples and varying duration were used to verify
leads to cylindric or spherical domains of Arrich phase the thermal stability of the sample.
in a matrix of B rich material. These domains order In the following we will first discuss the different
with two- or three-dimensional periodicity on lattices shapes of the scattering profile obtained for various
that are described as hexagonally packed cylinders (hpt¢gmperatures. We will then turn to the variation of the
or spheres in a body centered cubic lattice (bcc). Thetructural parameters with temperature and finally discuss
transition from the disordered state to these states dhe properties of the phase transition leading from a state
order is expected to occur at considerably larger valuesf liquidlike order to a macrolattice.
of the repulsive interaction betweénandB as compared The intensityl(g) at a scattering vectay in a SAXS
to the symmetric diblock copolymer. The disorderedexperiment is proportional to the Fourier transform of cor-
state will therefore exhibit much stronger concentratiornrelations in the concentration fluctuations or the structure
fluctuations. factor of the sample. In Fig. 1 we show the three qualita-

The results presented in this Letter refer to the DOTtively different shapes of(¢) that are observed in differ-
in a melt of a strongly asymmetric diblock copolymer. ent temperature regimes.
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of spheres that arrange on a bcc lattice. However, a
separation of polystyrene and polyisoprene segments may
also be achieved by local demixing and formation of
spherical domains without the additional loss of entropy
due to the arrangement of the spheres on a lattice [8].
This micellar type of order has been observed in solutions
of diblock copolymers [12,13] as well as in blends of
block copolymers and homopolymers [14], which are
thermodynamically similar to the pure melt.

In the present case of a diblock copolymer melt we
assume a partial demixing which leads to polystyrene
spheres in a matrix of polyisoprene and some remaining
molecules that are not bound to the sphere. The polydis-
persity of the block copolymer supports this mechanism.
The structure factor of such a system will exhibit intra-
particle as well as interparticle interferences. The intra-
particle interference is described by the structure factor of
a homogeneous sphere with radiig and volumev,, as

2

[Sin(qup) - qup COiqup)] .

1)

In order to account for the distribution of sphere sizes

" that will be present in our sample we average Eq. (1) with
q/nm a Gaussian distribution a,, and a second momentfp

FIG. 1. Comparison of the scattering profiles referring to theto result in®(gR,,). For distances that are in between
homogeneously disordered state [{@)= 458 K], the state of R, and the end-to-end distance of the polymer molecules
g?]lé'd:;]k: gégegrzg\ggegt ;[Fe)h?(fé?aﬂ %‘?g‘ﬁ'}ns %(Eg:fu‘hlﬁirﬁ,s the interaction between spheres will be dominated by a
are fits of structural models for the different states of ordermpu.lswe potentla_LI which results from the presence of the_
(see text). polyisoprene chains bound to the sphere surface. The pair
correlation function of a fluid of hard spheres has been
obtained in closed form for the Percus-Yevick (PY) model

At high temperature the structure factor displays g15]. Although there is no phase transition predicted
broad peak at a positiop™ indicating the existence of a by this model we use it to describe the interparticle
dominating wave vector in the spectrum of concentratiorinterference factor
fluctuations. In Leibler's random phase approximation _
theory [1] this wave vector is related to the radius of S(g) = {1 + 24nG)/x}", (2)
gyration of the diblock copolymer molecule. The full with x = 2gRy;.
structure factor is also given by this theory, and the full The functionG(x) is explicitly given in Ref. [16]. The
line in Fig. 1(a) refers to a fit of this structure factor parameters entering this equation are the volume fraction
to our data after correction for polydispersity [10]. The of hard spheres; and the hard-sphere radiks,;. We
dotted horizontal line in Fig. 1(a) marks the contributionnote thatR;,; marks the range of the repulsive interaction
of density fluctuations to the scattering. Its value isbetween spheres and is therefore larger than the geometric
determined from the flat background at lagygLO]. size of the polystyrene domaRy, appearing ind.

At lower temperatures a different shape of the structure The scattering profile for the hard-sphere fluid is then
factor is observed as is shown in Fig. 1(b). Besidegjiven as
the strong maximum at smaly two more peaks are -
seen in this profile. Obviously the system has reached Ins(q) = KD (qRyp)S(q). (3)

a significantly larger degree of order. The increase The scaling factork depends on the electron density
of the repulsive segmental interaction with loweringdifference between the polystyrene spheres and the ma-
temperature as described by is known to give rise trix. The full curve in Fig. 1(b) corresponds to a fit of
to concentration fluctuations also for symmetric diblockEg. (3) to the scattering data. The dotted line indicates
copolymers [5,11]. They show up in the temperaturethe shape of the scattering profile without interparticle in-
dependence of the scattering intensity ¢dt [2]. The terference as described By(gR,). It shows that the
situation is different in the case of strongly asymmetricpolystyrene spheres are not only visible in the diffuse
copolymers. The expected ordered state [1,3] consistscattering at largeg but in the full scattering profile. The

| [e.u./nm 3]

3
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agreement is extremely good and allows us to determin 500 450 400 350
Ry, m, andRs,. The fit shown in Fig. 1(b) was obtained ' '
with a width of the distribution foR,, of o, = 1.5 nm. 151
osp Is nearly independent of temperature.

At even lower temperatures the system develops solic
like order as is seen in the scattering profile of Fig. 1(c).

300
¢

! .
The reflections observed in this state of order may all bt ] é
o

T 0.240

identified as belonging to a bcc lattickr(3m). Our scat-

tering pattern contains 14 reflections. For an isotropic en
semble of bce ordered domains the scattering intensity at
Bragg position is modulated by the Lorentz factdy4?)

and the form factor of the scattering particle as given ir
Eq. (1):

- -0.235

10+

[L_ wu] ,b

-0.230
IBragg(CI) = Z (i)(Qhklep)]h_];lthl(q;o-)
(it} q

10% 1(q*)" [nm%e.u]

X exp{—qpu’/3}. (4)

TI

Gui(g; o) denotes a normalized Gaussian centered ¢ °
the Bragg positiong; with width o and ju is the '
multiplicity of the set{rkl} of equivalent reflections. | ) (N
Equation (4) alone does not adequately describe ot

data. We need to take diffuse scattering into account
which is caused by the deviation of the actual position of
the spheres from their mean in the bcc lattice. We assunr
the disorder to be isotropic and describe it with the help o
a single mean squared deviatioh The disorder has the 108 T/ K™
effect of decreasing the Bragg intensities in Eq. (4) and

. . " . _aII:IG. 2. The reciprocal intensity and the position of the
the same time generating an additional diffuse scatterin B y P

) ! ! fhaximum of the first peak in the scattering profile.
component which carries essentially #pelependence of reciprocal temperature is directly proportional to the repul-
the @,

-0.225
%
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sive interaction between the blocks. Open symbols: heating,

5) filed symbols: cooling. The system is completely reversible

Lagr = @ (gRyp) (1 — exp{—q*u?/3}). aboveTpor.

The total intensity at a given scattering vectpthen

is the weighted sum of the components given in Egs. (4}ion for the contribution of concentration fluctuations [11].
and (5). Density fluctuations are taken into account a#\t a well-defined temperatur@por = 393 K < T, the

a g-independent contribution to the scattering intensity.intensity I(¢™) increases abruptly, and at the same point
The full line in Fig. 1(c) is a fit of this model to the data, the shape of the scattering profile changes from the PY
and again the agreement is good. The diffuse scatterinfprm in Fig. 1(b) to the form shown in Fig. 1(c)Tpor
component is indicated as a broken line in the figure andnarks the transition from a state of liquid order between
is seen to contribute significantly to the overall scatteringspheres fof" > Tpor to a bce ordered array in the regime

We are thus able to extract from this analysis the latticdl’ < Tpor. Below Tpor the intensity decreases because
constantz, the mean squared displacement as well as

of the glass transition of the polystyrene spheres. Their
the sphere radiug,,,.

density remains essentially constant, whereas the density
We now turn to a discussion of the temperature depenef the polyisoprene matrix keeps increasing with lowering

dence of the concentration fluctuations. In Fig. 2 we showiemperature thus reducing the scattering contrast between
the reciprocal intensity at the positigri of the first maxi-  the spheres and the matrix.

mum in the scattering profile. Within Leibler's theory The phase behavior is completely reversible for>

it should depend linearly on reciprocal temperature, andpor. Below Tpor, however, we find different intensities
such a regime is indeed found aboV¥e~= 460 K. The in the heating and in the cooling run.

extrapolation of this linear behavior defines a spinodal Also included in Fig. 2 is the temperature dependence
temperaturel’, = 450 K. We find no significant change of the positiong™ of the first maximum in the scattering

of the scattering pattern at this temperature which is irprofile. It is seen to decrease with lowering temperature,
agreement with observations made on symmetric diblockvhich in the disordered state indicates a stretching of the
copolymers [5]. However](¢*)~! clearly bends off the polymer chains. At the transition to the ordered state
linear line in the range of, which is taken as an indica- this trend is reversed ang" shifts to larger values. This
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(see Fig. 3)Rns = 1.8R,,. Inthe ordered state, however,
R, continues to increase with lowering temperature, but
at the same time the lattice constant and therefore the
distance between spheres decreases.
%.H% The mean squared displacement of the spheres in the
% ordered state is nearly independent of temperature and
H % Vu? = 45 nm.
J } % The parameter that controls the ordering transition in
a hard sphere fluid is the volume fraction of sphetes
% We find n to increase linearly from 0.37 &t = 450 K
%% to 0.47 at the ordering transitionny = 0.494 is indeed
%%(\% % expected for the transition to occur in a hard sphere lig-
%é

Rsp[nm]

uid [17]. =m is related to the volume fraction of poly-

styrene spheresb, as &, = 77(RSp/Rhs)3 in the PY

\ regime. In the bcc ordered state we calculdig as

o, = 8/377(Rsp/a)3. Again we find a continuous in-

7- crease ofPb, with lowering temperature and this quantity
extrapolates correctly t6 at low T'.

In summary, we have observed an equilibrium state of
microphase separated spherical domains with liquidlike
order in the melt of an asymmetric diblock copolymer.

Lowering temperature leads to an increase of the domain
size as more chains become integrated into the spheres.
6= ' ' ' ' ' ' ' Their volume fraction consequently increases, and at a
300 350 400 450 volume fraction that is close to the critical value for the
T K] phase transition in a hard sphere system a DOT to a bcc
FIG. 3. The radiusk,, of the polystyrene spheres obtained lattice occurs.
from a fit of Eq. (3) abovel'por (Open symbols) and Eq. (4)
below (filed symbols). R,, varies continuously through both

regimes thus demonstrating the applicability of the structural
models.

[1] L. Leibler, Macromoleculed.3, 1602 (1980).
behavior is in accordance with theory for the transition to [2] G. Fredrickson and E. Helfand, J. Chem. Ph§3, 697
a bec lattice [3,8]. (1987).
The detailed analysis of the PY regime and the bcc[3] M. Olvera de la Cruz, Phys. Rev. Lefi7, 85 (1991).
ordered state both allow the determination of the spherel4l J. Rosedale and F. Bates, Macromolecule§ 2329

- - (1990).
.radI.USRSp' The temperature dependenceRyf is given [5] B. Stilhn, R. Mutter, and T. Albrecht, Europhys. Let8,
in Fig. 3 for both regimes. 427 (1992)

The smallest observed polystyrene sphere is of radiu 6] G. Floudaset al., Acta Polymer45, 176 (1994).

Ry, =7 nmatT = 470 K. This amounts to a stretching  [7] 4. Kasten and B. Stiihn, Macromolecute 4777 (1995).
of the molecule by 1.4 over its unperturbed dimension. [g] A.N. Semenov, Macromolecule2, 2849 (1989).

The model of Ref. [8] compares well with a calculated [9] M. Schwab and B. Stiihn (to be published).

stretching of 1.24. [10] B. Holzer, A. Lehmann, B. Stithn, and M. Kowalski,
There is no discontinuity at the ordering transition, and Polymer11, 1935 (1991).

Rp is consistently determined by the application of PY[11] F. Bates, J. Rosedale, G. Fredrickson, and C. Glinka, Phys.

model equation (3) at high temperatures and from the or- _ Rev. Lett.61, 2229 (1988).

dered state using Egs. (4) and (5K, increases mono- [12] T. Hashimotoet al., Macromoleculed.6, 361 (1983).

tonically with decreasing temperature. Abo¥gor the 3] M-A. Singhetal., Phys. Rev. BA7, 8425 (1993).

subsequent implementation of molecules with increasinéld'] (1:2;/2 Z%rgg)y’ R.E. Cohen, and F.S. Bates, Polyar

interactiony into the polystyrene sphere may be responsiIlS] M. S. Wertheim, Phys. Rev. Lett0, 321 (1963)
ble for the strong variation of sphere size with temperaturey 6] D. Kinning and E. Thomas. Macromoleculds. 1712

The situation is different for the range of the interaction (1984).
between spheres. It is defined in the PY regime as thp7] w.G. Hoover and F.H. Ree, J. Chem. Phy8, 3609
hard sphere radiug,;. Above Tpor we find the hard (1968).
sphere radius to be proportional to the sphere ragtiys

927



