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Abstract. The bulk structure of
a

homologous series of symmetric polystyrene-poly-
butadiene (SB) diblock copolymers is investigated using small-angle X-ray and neutron scat-

tering (SANS). The study focuses on the lamellar thickness, the lamellar correlation length and

the concentration profile as a function of the chain length and the preparation method applied.
The characteristic length, D, scales with the chain length, N, in the whole range studied, but

with
a

clear change in scaling exponent near xN
=

29, in accordance with theoretical predictions
of a crossover from an Intermediate-Segregation Regime (ISR) to the Strong-Segregation Limit

(SSL). In the ISR (xN ci 5 29), D is found to scale like D c~
N° ~~ and in the SSL (xN > 29)

like D
c~

N° ~~ The temperature dependence of the SANS spectra is studied for a low molar

mass sample in an interval around the order-disorder transition temperature (TODT). The peak
position is found to vary more strongly with temperature than expected for Gaussian chains.

Only a weak discontinuity of the peak position at TODT is observed. In summary, the phase
behavior of symmetric SB diblock copolymers in the bulk spans three regimes: the Gaussian

regime in the region xN < 5, the ISR for 5 < xN < 29 and the SSL for xN > 29.

1. Introduction

Diblock copolymers consist of two chemically distinct polymer blocks joined by a covalent

bond. Their bulk phase behavior ii.
e. without solvent present)

can to a good approximation

be described in terms of the volume fraction of one block, f, and the combined parameter XN,
where X denotes the Flory-Huggins segment-segment interaction parameter (X c~

1IT, where

T is the temperature) and N the chain length. A microphase-separated, ordered structure

is formed for xN > (xN)CDT (1]. CDT is short for order-disorder transition. Depending
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on f, different morphologies are formed in the ordered state, e-g- spheres forming a cubic

lattice, hexagonally packed rods, or, in case of compositionally symmetric diblock copolymers
if

=

0.5),
a lamellar structure ill. Below (xN)ODT, the chains form a disordered melt with

some correlation on a length scale of the order of the radius of gyration. For symmetric diblock

copolymers, the ODT is predicted by mean-field theory to be a critical point at xN
=

10.5 [2j.
When fluctuations are included in the calculations, (xN)ODT becomes weakly N-dependent
and the CDT becomes weakly first order [2, 3j. In addition, recent experimental work has

established the importance of configurational asymmetry [4j.

The scaling relation between the characteristic length and the chain length in diblock copoly-

mer systems has gained considerable interest. In the mean-field theory of Leibler [2j, the chains

are assumed to be Gaussian and thus the scaling exponent d is 1/2 in the ordered state close

to the CDT, where the concentration profile is sinusoidal [2j. This regime is often refered to

as the Weak-Segregation Limit (WSL). We find the definition of this term ambiguous, which

will be discussed below. In the Strong-Segregation Limit (SSL) deep in the ordered state,

exponents of 0.643 [5j and 2/3 [6, 7j have been predicted for symmetric diblock copolymers
(lamellar morphology). The first value has been obtained by Helfand and Wasserman in a

partially numerical, self-consistent field calculation, assuming narrow interphases [5j. The con-

tributions included in the free energy are the enthalpic interactions in the interphase and the

entropy losses due to chain stretching and joint localization. d
=

0.643 has been obtained

for a completely symmetric lamellar system. The entropy loss related to joint localization is

generally neglected, because it only varies weakly with D compared to the two other terms.

d
=

2/3 has been obtained by Semenov in an analytical approach based on analogy with elec-

trostatics [6j and by Ohta and Kawasaki, who calculate the entropy loss due to chain stretching
in a mean-field approach, using a random-phase approximation [7j.

We have recently investigated the crossover from Gaussian scaling to the SSL [8j. We have

found that there exists an intermediate regime with an exponent higher than in the two bor-

dering regimes, i.e. the characteristic length varies more strongly with RN in the intermediate

regime than in the SSL. In the present publication, we discuss in greater detail the methods

applied to obtain thermal equilibrium as well as the change of the lamellar correlation length
and the concentration profile with varying chain length. In addition, a study of the temperature
behavior around the CDT is presented.

Several recent theoretical mean-field approaches address the scaling behavior in the ordered

state [9-lsj. In these studies, the variation of the lamellar thickness with chain length is found

to be stronger in the vicinity of the CDT than both in the Gaussian regime and in the SSL,
d being here between 0.72 [9,12j and 1.071 [14j. For large values of XN, the variation of the

lamellar thickness is found to approach SSL behavior (D
c~

N2/~) asymptotically. Extrapolat-
ing from the regime near the CDT and from the SSL, xN-values between 17 [14j and 95 [9j

are identified for the crossover between the intermediate regime and the SSL. The change in

scaling behavior in the ordered state is predicted to be closely linked to chain stretching [15]
and to the coarsening of the concentration profile, which evolves from being sinusoidal close to

the CDT to being rectangular as XN increases [9-11, lsj. In two cases, a true scaling regime
linking the WSL (close to the CDT) and the SSL is predicted [9,12]. These theories recover the

WSL result of d
=

1/2 in the ordered state close to the CDT [9,12]. This is in contradiction

to experiments [8,16-18], where the intermediate-segregation regime has been found to reach

into the disordered state (down to XN ci 5 6) with Gaussian scaling encountered below this

value. Deviations from Gaussian scaling already in the disordered state have been predicted
by fluctuation theories [19, 20]. Thus, the term "WSL" is ill-defined: in the ordered state

near the CDT, the concentration profile of one block is sinusoidal, but the scaling exponent is

higher than 1/2, I.e. both WSL criteria are not fulfilled. We will therefore not use this term in
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the present publication and will instead refer to this regime as the Intermediate-Segregation
Regime (ISR) and to the regime for xN < (xN)GST, the Gaussian-to-stretched-coil transition,

as the Gaussian regime. It should be noted that the location of (xN)GST is predicted to depend

on the Ginzburg parameter (e.g. [4j) N
=

Nk~ /~2 in and ~ denote the average segment length
and the reference segment volume), which is proportional to the chain length, N: the larger
N, the closer the GST is to the CDT [19, 20j.

Before the advent of the theories cited above, several experimental studies addressed the

scaling behavior of the characteristic length in the lamellar state, resulting in very different

values of the exponent [16,18, 21-23j. Hashimoto et al. [21j and Richards and Thomason [22j
studied lamellar polystyrene-polyisoprene samples, which were prepared by solvent-casting

from toluene at room temperature, I.e. below the glass temperature of the polystyrene block

ca. 100 ° C). Hashimoto et al. found their results (obtained using samples having molar masses

between 21000 and 102 000 g/mol) consistent with an exponent of 2/3, whereas Richards and

Thomason found d
=

0.56 [22j by fitting a power law to the data (molar
masses between

16720 and 178100 g/mol, including triblock copolymers). It should be noted that during
solvent-casting, a certain degree of order may be achieved while solvent is still present and

this non-equilibrium state may freeze in when the solvent evaporates. This may be partic-
ularly severe when solvent-casting below the upper glass temperature of the block copoly-

mers. Hadziioannou and Skoulios [18] also investigated symmetric polystyrene-polyisoprene
samples, but prepared macroscopically oriented samples using shear alignment with subse-

quent annealing above the glass temperature of both blocks. The molar mass range cov-

ered was 27000-205 000 g/mol, leading to d
=

0.79 + 0.02. Almdal et al. studied a series of

poly(ethylene-propylene)-poly(ethylethylene) (N
=

125 -1890), the samples being annealed

above their upper glass temperature and found d
=

0.80 + 0.04 [16j. Matsushita et al. studied

polystyrene-poly(vinylpyridine) having molar masses between 38 000 and 739 000 g /mol, which

were solvent-cast at room temperature and found d
=

0.64 [23]. The discrepancies may have

different origins: chemically different samples were studied, different ranges in phase space

were explored and different sample preparation methods were used, of which some might have

led to non-equilibrium structures.

The present study is motivated by the fact that the experimentally determined exponents
differ substantially and that, in spite of the large number of studies, the crossover from the

intermediate-segregation regime near the CDT to the SSL has not been experimentally con-

firmed. A homologous series of compositionally symmetric polystyrene-polybutadiene diblock

copolymers spanning a wide range in chain lengths is investigated, with the aim of identifying
and localizing the crossover from the ISR to the SSL. The conditions under which thermal

equilibrium can be obtained are established by preparing the ordered samples using the meth-

ods applied in the experimental studies cited above: annealing, solvent-casting as well as shear

alignment, all above the highest glass temperature. The dependence of the sample structure on

the chain length and the preparation method applied is investigated using small-angle X-ray
(SAXS) and neutron scattering (SANS). The scaling behavior of the characteristic length with

chain length is determined and the crossover from an intermediate-segregation regime to the

SSL is identified. This change of scaling behavior is found to be related to the change of the

shape of the concentration profile. A narrow range of the phase space around the CDT is

studied by monitoring the temperature dependence of the SANS spectra of a low molar-mass

sample. We finish by presenting a three-regime picture of the scaling of the characteristic

length with xN.
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2. Experimental

2.I. SYNTHESIS. A homologous series of ten symmetric polystyrene-polybutadiene (SB)
diblock copolymers having molar masses between 9 200 and 183 000 g /mol

was synthesized using
anionic polymerization under an atmosphere of purified argon [24]. Styrene, 1,3-butadiene,

and cyclohexane (all from Aldrich, 99%) were purified as described in reference [24]. Sec-butyl
lithium (Aldrich) was chosen as the initiator for the polymerization, which was carried out

at 40 °C and was terminated using degassed methanol. The polymer was precipitated in a

2:1 mixture of methanol and 2-propanol, a poor solvent for SB. The solvent was poured off

and the polymer sample was dried at room temperature under vacuum. The yield was larger
than 93% for nearly all samples (Tab. I). Thus, the resulting molar masses agree with those

based on stoichiometry within a few percent. The degree of polymerization, N, was calculated

based on the volume of the polybutadiene monomer, ~ =
MB /APB.

where MpB and Mps are the molar masses of the polybutadiene and the polystyrene block, cal-

culated from stoichiometry, and MB the molar mass of the butadiene monomer.

pps #
1.05 g/cm~ [25j and ppB "

0.89 g/cm~ [26] are the mass densities of polystyrene
and polybutadiene. A range N

=
156 3 090 is covered with the samples investigated (Tab. 1).

2.2. CHARACTERIzATION. The polymer microstructure was determined with ~H NMR

spectroscopy using a Bruker AC-250 MHz instrument [27j. The samples were dissolved in

d-chloroform (30 mg/ml). An amount of 91% 1,4-addition of polybutadiene was found, the

remainder resulting from 1,2-addition. The weight fraction of polystyrene is wps "
0.55 + 0.01

for all samples, corresponding to volume fractions fps
"

0.51+ 0.01, using the densities given
above. The block copolymers are thus close to symmetric.

The glass temperatures of the samples were determined in differential scanning calorimetry
experiments. For this purpose, a Perkin-Elmer DSC-4 instrument operated at a heating rate

of 40 °C /min was used. Prior to the measurements, the samples were heated to 150 °C.

For dynamic mechanical measurements, an RMS-800 rheometer (Rheometrics) operated in

the parallel-plate geometry was used. Pills of ca. I mm thickness were pressed and mounted

between the plates. The samples were thermally equilibrated in a stream of nitrogen gas.
The CDT temperatures of the low molar mass samples were determined from the drop of the

dynamic elastic and loss modulus in heating runs (Fig. I), applying heating rates between 0.I

and 3.0 °C/min, shear frequencies between 0.02 and 40.0 rad Is and shear amplitudes of 2 or

5% [28j. The values of TODT are given in Table I.

The molar-mass distributions were measured using size exclusion chromatography. A Knauer

system together with a PL-precolumn, a 100 cm Shodex A-80M column and a high temperature
differential refractometer

was used. The molar-mass distributions of untreated samples were

narrow: Mw/Mn < I.I, where Mw denotes the weight-average and Mn the number-average
molar mass.

2.3. SAMPLE PREPARATION. The temperature chosen for the preparations and for most

measurements was 150 °C. In order to prevent the samples from crosslinking during the prepa-
rations and measurements, where the samples were at high temperature for a long time, they

were stabilized by adding 0. I or 0.5 wt-% (relative to the polymer mass) of antioxidant (Irganox
1010, Ciba-Geigy),

see Table I. The polymer samples were dissolved together with Irganox 1010
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Table I. Sample characteristics. M(t°'C~ stoichiometric molar mass. N: degree of poly-
merization based on the polybutadiene segment ~olume. The content of antioxidant is gi~en

in weight-I per polymer mass.
Mw/Mn: ajter sample preparation, from size exclusion chro-

matography. CHX stands for cyclohexane. (a) Outside the accessible temperature range, (b)
not determined.

sample M(t°"C~ N yield TODT Irganox preparation lfw/lfn

content method

lg/mot) 1%) 1°C) lwt-%)

SB05 9200 156 94 (a) 0.I disordered 1.10

SB14 13900 236 65 71 + 1 0.I disordered 1.08

SBll 18300 310 93 130 + 2 0.I disordered 1.08

SB01 18500 313 95 146 + 2 1.09

SB12 22100 374 (b) 181 + 2 0.I annealed 1.14

0.I solvent-cast from benzene 1.12

0.I shear aligned (1.0 rad/s) (b)

SB08 22600 383 (b) 204 + 2 0. I annealed 1.09

0.I solvent-cast 1.16

0.I shear aligned (b)

SB02 54500 921 98 (a) 0.I annealed 1.20

0.I solvent-cast from benzene 1.27

0.I shear aligned (1.0 rad/s) 1.10

SB15 69900 l182 (b) (a) 0.I annealed 1.16

0.I solvent-cast from benzene 1.15

0.I shear aligned (1.0 rad Is) 1.07

SB06 91900 1555 95 (a) 0.I solvent-cast from benzene 1.22

0.I shear aligned (1.0 rad Is) 1.09

0.5 annealed 1.12

0.5 solvent-cast from benzene 1.13

0.5 solvent-cast from CHX 1.12

SB07 148000 2511 98 (a) 0.5 annealed 1.26

0.5 solvent-cast from benzene 1.18

0.5 solvent-cast from CHX 1.23

0.5 shear aligned (0.02 rad Is) 1.16

SB10 183000 3090 99 (a) 0.5 annealed 1.31

0.5 solvent-cast from benzene 1.27

0.5 shear aligned (0.02 rad Is) 1.16
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Fig. 1. The dynamic elastic modulus as a function of temperature in a semilogarithmic repre-

sentation. The arrows
indicate the ODT temperatures assigned. Circles: N

=
310, heating rate

1.0 °C/min, shear frequency 10 rad/s, shear amplitude 5%. Triangles: N
=

374, 1.0 °C/min. 10

rad/s, 2%. Plusses: N
=

383, 3.0 °C/min, 40 rad/s, 5%.

in benzene and stirred for some hours. The solutions were left to dry at room temperature.

Remaining solvent was removed by keeping the samples at 100 °C under vacuum for 2 hours.

Samples being disordered at 150 °C were pressed in a teflon-coated press (1 mm thick pills)
and were left to equilibrate for 15 min at 150 °C prior to the measurements. Ordered samples

were prepared using different methods: annealing, solvent-casting and shear alignment (Tab. I).
Annealing of pressed pills at 150 °C for two days under vacuum results in "polycrystalline"
samples, e.g. the lamellar domains are randomly oriented. Solvent-casting is a method used

to prepare macroscopically oriented samples (e.g. [21j). The orientation is induced by the film

surfaces with the lamellar interfaces aligning parallel to these. The samples were dissolved in

benzene, a good, non-selective solvent (40-90 mg/ml). The solutions were left to dry in teflon

beakers at room temperature for some days, resulting in films of ca. 0.6 mm height. The films

were
annealed for two days at 150 °C under vacuum.

Additionally, two samples were solvent-

cast from cyclohexane which, at room temperature, is a marginal solvent for polystyrene and

a good solvent for polybutadiene. Shear alignment is another technique for macroscopically

orienting samples [29j. Pills were pressed and mounted in a shear sandwich fixture (pill size 12.5

x 16 x 0.5 mm~) of an RSA II rheometer (Rheometrics Solids Analyzer). They were subject

to oscillatory shear with amplitudes of 20-100% for 1-4 hours at 150 °C. High molar mass

samples were sheared at frequencies of 0.02 rad/s and low molar mass samples at 1.0 rad/s,

see Table I. All shear aligned samples were oriented with the lamellar interfaces perpendicular

to the shear gradient direction.

A minor degree of crosslinking occured during preparation (typically 5-7% dimers and

trimers),
as indicated by size exclusion chromatography. However, the molar-mass distributions

are still narrow: Mw /lfn is typically below 1.2 after preparation (Tab. 1).

2.4. SANS. SANS experiments were carried out at the Ris» SANS facility. The following

neutron wavelengths I and sample-detector distances were used: 14.8 i16
m,
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Fig. 2. The experimental geometry in SANS experiments with shear aligned samples. The shear

velocity and the shear gradient directions are parallel to the x- and the y-direction, respectively.
Note that the lamellar thickness is much smaller than the thickness of the sample slices and that the

lamellar structure may display defects. Solvent-cast samples were mounted in the same way. The

neutron beam hits the sample in z-direction. The black arcs on the detector indicate the first-order

diffraction peaks and the dashed circles the underlying Debye-Scherrer ring. The sector masks in

q~- and qy-direction (shaded areas)
are used for averaging the SANS spectra. The circle in the middle

indicates the beamstop which is masked away.

7.67 i16
m and 5.58 i13

m. Al/I
was

9% in all cases. The q-ranges covered were

q ci 0.0032 0.018 i~~, 0.0054 0.035 i~~ and 0.013-0.10 i~~, respectively. Samples were

mounted between aluminum foil in a furnace which was surrounded by air. The temperature

was computer-controlled with a stability better than 0.5°C. Disordered and annealed samples

were mounted with the neutron beam perpendicular to the pill surface. Solvent-cast and shear

aligned samples were cut in stripes, stacked and mounted in the neutron beam as shown in Fig-

ure 2. In both cases, the sample thickness was m~
0.5-1 mm. The measuring times were between

a few minutes and one hour. The two-dimensional spectra of disordered samples display broad

rings, corresponding to a broad correlation peak. Typical two-dimensional SANS spectra of

an ordered sample prepared in different ways are shown in Figure 3. With ordered annealed

samples, first-order Debye-Scherrer rings are observed. Spectra from solvent-cast and shear

aligned samples show first-order Bragg-reflections
on

each side of the direct beam on top of a

diffraction ring, attributed to remaining unoriented material. Data analysis was made using
standard Ris» software [30j. The spectra were azimuthally averaged and the background from

aluminum foil and the dark current were subtracted. When averaging spectra from solvent-

cast and shear aligned samples, sector masks were used having opening angles of 30° in the

q~-direction (through the peaks)
or in the qx-direction (Fig. 2).

2.5. SAXS. SAXS experiments were carried out at Roskilde University using a Kratky

compact-camera mounted on a sealed X-ray tube with a one-dimensional position-sensitive
detector. A description of the instrument is given in [27, 28]. The accessible q-range is

m~
0.007 0.55 i~~ Samples were mounted between kapton foil in a

teflon-coated, tem-
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Fig. 3. Two-dimensional SANS spectra from a
sample having N

=
1182, being prepared in different

ways. The spectra were measured at 150 °C and were not normalized. The lines are linearly spaced
isointensity lines. (a) Annealed, (b) solvent-cast, (c) shear aligned (the sample was

slightly misaligned
when mounted in the neutron beam).

perature controlled sample holder with a temperature stability better than 0.2 °C. Disordered

and annealed samples were mounted with the X-ray beam perpendicular to the pill surface.

Solvent-cast and shear aligned samples were mounted as shown in Figure 4. Shear-aligned
samples were additionally rotated by 90° around the x-axis, I.e. with the beam perpendicular

to the lamellar interfaces. The sample thickness was ca. I mm. Measuring times were between

500 and 2000 s. The background scattering from kapton film was subtracted.

Additional SAXS measurements on two disordered samples were made using a pinhole cam-

era mounted on a rotating anode at the Service de Chimie MolAculaire, Centre d'Energie
Atomique, Saclay, which has a Huxley-Holmes collimation section and a two-dimensional mul-

tiwire detector [31j. The q-range is
m~

0.01 0.7 i~~ Samples were mounted between kapton

in the sample holder used for measurements with the Kratky-camera. The background scat-

tering arising from kapton film was subtracted from the spectra. The spectra were azimuthally
averaged and Lorentz-functions were fitted to the resulting peaks.
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(shear y detector

gradient)
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Fig. 4. Illustration of the experimental geometry in SAXS experiments (using the Kratky-camera)
with shear aligned samples. The beam hits the sample in z-direction and has its length dimension

in x-direction. Scattering is measured in the q~-direction. Solvent-cast samples were mounted in the

same way. Shear aligned samples were also mounted rotated 90° around the x-axis.

3. Results and Discussion

3.I. THE CHOICE OF MEASURING TEMPERATURE. Knowledge of the glass transition

temperatures of the diblock copolymer samples is necessary in order to avoid measurements

in the glassy state, where mechanical tensions and thus non-equilibrium states may persist.
The glass transition temperatures depend on the block copolymer molar mass and on the

degree of segregation (e.g. [32j). The glass transition temperature of pure polystyrene is

m~
100 °C or lower, depending on the molar mass [25], and the glass transition temperature

of pure polybutadiene is between -107 and -83 °C, depending on the microstructure [25j.
In strongly segregated diblock copolymer systems, two glass transitions are expected, one for

each block. In the fully homogeneous, disordered state, only one glass transition is expected,
located between the transition temperatures of the pure blocks.

In differential scanning calorimetry experiments, the upper glass transition temperatures of

two SB samples were determined. Values of 76 °C and 102 °C were found for N
=

374 and

N
=

921, respectively. At these temperatures, the samples are in the ordered state. The glass
transition temperatures of samples having N > 921 are expected to be close to the values for

the pure blocks, because these samples are strongly segregated. The upper glass transition

temperatures of samples having N < 374 could not be determined unambiguously, probably
because of the interplay between the partial segregation and the glass transition.

The temperature for preparations and measurements (except for the temperature scan,

see Sect. 3.8)
was chosen to be 150 °C, I.e. well above the glass transition temperatures of

the two blocks.

3.2. DETERMINATION OF THE SEGMENT-SEGMENT INTERACTION PARAMETER. The CDT

temperatures of five low molar mass samples were determined in dynamic mechanical measure-

ments (Tab. I). The feature defining the CDT temperature (TODT) is the drastic drop in the

dynamic elastic and loss modulus (Fig. I). Using the mean-field prediction for symmetric
diblock copolymers, (XN)ODT

#
10.5 [2j, together with the relationship x =

A/T + B [33],
where T is the temperature, it is found that

~°~~ 10.~~BN ~~~
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Note that the values of A and B depend on the definition of N (Eq. I). A least-square fit

of the expression from equation 2 to the experimentally determined CDT temperatures gives
A

=

(21.6 + 2.I) K and B
=

-0.019 + 0.005.

Using instead the expression given by fluctuation theory [3]

(xN)ODT
#

10.5 + 41.0 ~~ (3)
~

~ ~~~

with the polybutadiene monomer volume ~ =
101 i~ and the average segment length

k
=

6.I I,
we find A

=
(31.3 + 3.0) K and B

=
-0.031+ 0.007. was found by weight-

ing the segment lengths of polystyrene and polybutadiene, aps and apB, by their respective
volume fractions:

&~
~

fPsais + Ii fPs)aiB (4)

with fps
"

0.5 and

Here, we inserted the values of the unperturbed mean-square end-to-end distances of the two

blocks, (R~)(~/MpB
#

0.87612mol/g and (R2)(~/Mps
"

0.43412mol/g [26]. The second

term in equation 6 represents the inverse of the number of polystyrene units having the same

volume as the reference monomer. At 150 °C, we thus get x =
0.033 + 0.007 and 0.043 + 0.010

using the mean-field and the fluctuation expression, respectively. In the following, the mean-

field result is used, leading to NODT
"

323, I.e. only samples with N > 323 are expected to be

ordered.

3.3. THE DEGREE OF ORIENTATION. After the synthesis, the polymer samples are

precipitated in a poor solvent. For samples being ordered at room temperature, this cor-

responds to a rapid quench from the dissolved into the ordered state and these samples are

thus not necessarily in an equilibrium state. Further treatment is therefore necessary in order

to ensure thermal equilibrium. As the CDT temperatures of the high molar mass samples are

above the degradation temperature (ca. 200 °C), it is not possible to heat these samples above

the CDT temperature and to cool them down to the ordered state again, but other methods

are necessary in order to achieve thermal equilibrium. All ordered samples were therefore an-

nealed, solvent-cast and shear aligned following the procedures described in the Experimental
Section.

SANS spectra from annealed samples are isotropic (Fig. 3a) and were azimuthally averaged.
SANS spectra from solvent-cast and shear aligned samples were analyzed using sector masks,

monitoring the intensity in the qx- and q~-direction (Figs. 2, 3b and 3c). Lorentz-functions

~~~~ ~~~ ~
i + lq q*)~t~ ~~~

were smeared with the instrumental resolution and fitted to the peaks [30j (Ibg denotes a

constant background, I~ the peak height, q* the peak position, and ( the inverse half width

at half maximum). The differences in the peak positions in the q~- and the q~-directions are

typically smaller than 2%. In Figure 5, azimuthally averaged spectra from shear aligned sam-

ples having different chain lengths are shown together with the smeared and fitted Lorentz-

functions. For nearly all solvent-cast and for all shear aligned samples, the peak height in
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Fig. 5. Azimuthally averaged SANS spectra of shear aligned samples measured at 150 °C. The

background is subtracted. From left to right: N
=

3090, 2511, 1555, l182. and 921. (o) q~-direction,
(.) q~-direction. The error bars are smaller than the symbol size. The spectra were

measured with

two different settings (14.8 i16
m for N

=
3090 and 2511 and 7.67 i16

m for the other samples). The

data
are normalized to a peak height of unity. The lines are fits of Lorentz-functions convoluted with

the instrumental resolution to the qy-spectra (full lines) and the q~-spectra (broken line8).

the qy-direction, I(, is higher than the one in the qx-direction, If, I.e. solvent-cast samples

are oriented with the lamellar interfaces parallel to the film surface and shear aligned sam-

ples with the lamellar interfaces perpendicular to the shear gradient (Figs. 2, 3b and 3c). In

case of solvent-cast samples, the intensity ratios I( Iii
are found to be

m~
2 4. indicating

a relatively low degree of alignment (Fig. 3b). The reason might be that the film thick-

nesses (approximately 0.6 mm)
were large compared to the lamellar thickness la factor of

7000 30 000). This indicates that the lamellae are well-oriented close to the film surfaces

and that the orientation is gradually lost towards the bulk. With shear aligned samples, the

ratios are higher, I( Iii
~d 11 28, the alignment is thus better than for solvent-cast samples

(Fig. 3c). We conclude that under the conditions present under shear alignment (Tab. I),
relatively good macroscopic orientation is achieved. However, high molar mass samples are

mechanically hard and therefore difficult to align macroscopically.

3.4. THE LAMELLAR CORRELATION LENGTH. The lamellar correlation length is estimated

from the width of the first-order Bragg-reflections observed in the SANS spectra, as explained
below. It should be noted that block copolymer systems display sharp domain boundaries

as well as a gradual loss of lamellar orientation (e.g. [34j). A model of the scattering from

a lamellar structure is given in the appendix; leading to a relationship between the number

of correlated lamellae, N~, and the width of the first-order Bragg peak. As we in the follow-

ing analysis only need the peak positions and the peak widths, we fitted Lorentz-functions

(Eq. 7) to the peaks measured in small-angle scattering experiments instead of the expressions
given in equations (A.3 and AA) together with equations (A.6 and A.8). In some cases, a

slanted background was added in order to account for residual background scattering in SAXS

spectra. N~ is then given by

Ns t ~'()~~ (8)

where
we

identify qH ~

1If.
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N~ as a function of chain length, N, is shown in Figure 6 for annealed, solvent-cast and shear

aligned samples. In the case of annealed samples, the azimuthally averaged and background-
corrected scattered intensity should in principle be multiplied with the Lorentz-factor for poly-

crystalline samples 4~rq2 [35j. As the peaks obtained in the present study were relatively

narrow, this correction only leads to minor changes in the peak shape and position and is thus

omitted.

We find that in annealed samples, 8 24 lamellae are on average correlated orientationally.
Approximately the same values are obtained with solvent-cast (N~

=
5 -17) and shear aligned

samples in the q~-direction (N~
=

5 18), I.e. from the unoriented material. The number of

correlated lamellae in the q~-direction is higher: N~
=

7 63 for solvent-cast and Ns
=

10 59

for shear aligned samples, in accordance with the observations made using electron microscopy
(e.9. (34j).

For samples prepared in either way, Ns is largest for moderate molar masses
(Fig. 6). In the

vicinity of the ODT (only measured with annealed and solvent-cast samples). Ns is relatively
low. We do not believe this phenomenon to be related to the change in concentration profile
close to the ODT, since the peak width only weakly depends on the shape of the concentra-

tion profile. A possible explanation is that samples which are close to the ODT contain many

defects, the resulting domains being smaller than deeper in the ordered state. Also, a distri-

bution of the lamellar thickness may increase the peak width. The broader the distribution

of lamellar thicknesses, the smaller (, I.e. the number of correlated lamellae is underesti-

mated when this distribution is not taken into account. Samples with high chain lengths
(N

=
2 sll 3 090) also display relatively small values of Ns. As the mobilities of long chains

are low, the formation of domains is a slow process. Both entanglement effects and the strong
repulsive interactions between different blocks may play a role. Longer annealing possibly
leads to an increase of the number of correlated lamellae. However, in the present study, the

annealing times were chosen to be no longer than two days in order to avoid crosslinking of

the polybutadiene blocks.

3.5. THE CONCENTRATION PROFILE IN THE ORDERED STATE. In the SAXS experiments,
the q-range studied was larger than in SANS. Thus, higher-order reflections could be detected,
making the characterization of the concentration profile possible. For desmearing, the routine

ITR [36] was used. Spectra from annealed samples were desmeared with respect to the beam

length effect (Fig. 7), but were resolution-limited with respect to the beam width. SAXS

spectra from shear aligned samples are shown in Figure 8 in the q~- and the qz-direction. In

general, the spectra measured in the q~-direction display sharp and nearly symmetric peaks,
whereas more flat and asymmetric peaks are obtained in qz-direction. In the q~-direction,

the scattering from oriented lamellar domains is monitored. Spectra from oriented, "single-
crystalline" samples are not affected significantly by beam length smearing and were therefore

not desmeared. Lorentz-functions
on top of a slanted background were fitted to the peaks,

the background accounting for residual beam length smearing (Fig. 9). In the qz-direction,
scattering from unoriented parts of the sample is measured and these spectra are affected by
beam length smearing, which for sharp peaks leads to asymmetric smeared peak shapes [36]

(Fig. 7). Especially for the samples with larger chain lengths (N
=

921- 1555), this effect is

clearly observed. Spectra from solvent-cast samples were treated in the same way as the ones

from shear aligned samples. The peak positions of ordered samples were determined as follows:

when only one peak is present, the position of this peak is used: q*
= qi When higher-order

Bragg-reflections appear, the third-order reflections are used (q*
=

q3/3), because of the lower

relative error of q3 (Tab. II).
The higher the chain length, the more pronounced are the higher-order reflections (Fig. 8),

I.e. the closer to rectangular are the concentration profiles. For the samples having N
=

374
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Fig. 8. Semi-logarithmic plot of background-corrected SAXS spectra from shear aligned samples,
measured at 150 °C using the Kratky-camera. (o) qy-direction, (.) qz-direction. The spectra are

shifted by arbitrary amounts.

and N
=

383, only the first-order Bragg-reflection can be distinguished from the background,
indicating that the concentration profile is close to sinusoidal. The gradual change from a

sinusoidal profile close to the ODT to a rectangular profile corresponds to a gradual decrease

of the interfacial width and is consistent with theoretical predictions [9-11,15].

3.6. SOLVENT SELECTIVITY. In order to establish whether the final structure depends on

the selectivity of the solvent used in the solvent-casting procedure, SAXS and SANS
mea-

surements were
additionally made on two samples solvent-cast from cyclohexane, which is a
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Table II. Peak positions at 150 ° C m
10~2~i~~

as determined m small-angle scattering

experiments. ( ~ ) Sohent-cast from benzene.
,

( ~ ) Kratky-camera, ( C ) SANS, ( ~ ) SAXS

pinhole camera. For sohent-cast and shear aligied samples, the qy-~alues are gi~en.

sample N disordered annealed solvent-cast~ shear aligned

SB05 156 6.20 + 0.09~

6.10+0.17~

SB14 236 4.55 + 0.09~

SBll 310 3.98+0.09~

3.85+0.llc

3.93+0.17~

SB12 374 3.33+0.04~ 3.33+0.04~ 3.32+0.02~

3.32 + 0.ll~ 3.35 + 0.llc -C

SB08 383 3.18+0.04~ 3.13+ 3.12+0.02~

3.19 +0.ll~ 3.20 + 0.ll~ -~

SB02 921 1.54+0.02~ 1.48+0.02~ 1.51+0.02~

1.57+ 0.04~ 1.58+0.04~ 1.59+0.04~

SB15 l182 1.37+0.02~ 1.33+0.02~ 1.34+0.02~

1.41+0.04~ 1.40+0.04~ 1.41+0.04~

SB06 1555 1.19 + 1.19 + 0.02~ 1.17 + 0.02~

1.20+0.04~ 1.23+0.04~ 1.21+0.04~

SB07 2511 0.839 + 0.022~ 0.832 + 0.022~ 0.837 + 0.022~

SB10 3090 0.753 + 0.022~ 0.747 + 0.022~ 0.748 + 0.022~
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Fig. 10. Azimuthally averaged and background-corrected SANS spectra from two samples solvent-

cast from benzene (circles) and from cyclohexane (triangles), measured at 150 °C. Open symbols:
q~-direction, filled symbols: q~-direction. The error bars are

smaller than the symbol size. The lines

are fits of smeared Lorentz-functions to q~-data (full lines) and to q~-data (broken lines). (a) The

sample solvent-cast from benzene is close to isotropic.

selective solvent for polybutadiene. Azimuthally averaged SANS spectra from these samples
together with spectra from samples solvent-cast from benzene are shown in Figure 10. The

peak positions as obtained in SAXS and SANS experiments are given in Table III. The dif-

ferences in q( in spectra from samples solvent-cast from benzene and from cyjlohexane are

smaller than 3% and are thus negligible.

3.7. SCALING BEHAVIOR OF THE CHARACTERISTIC LENGTH. Plotting the peak positions
from annealed, solvent-cast (from benzene) and shear aligned samples together (Fig. ll and

Tab. II),
no significant differences are observed for the peak positions, I.e. the preparation

methods used lead to thermal equilibrium.
We also include data from disordered samples in Figure 11. The spectra from these samples

show broad peaks (Fig. 12). Spectra obtained with the Kratky-camera were desmeared for
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Table III. Peak positions of samples sohent-cast from benzene and from cyclohexane; qy m

10~2~i~~ ( ~ ) Kratky- camera, ( ~ ) SANS.

[sample N benzene cyclohexane

SB06 1555 1.19 + 0.02~ 1.15 + 0.02~

1.23+0.04~ 1.23+0.04~

SB07 2511 0.832 + 0.022~ 0.838 + 0.022~

10~' ', j ~

Gaussian

rag>mc.

7 &0.5

~t TSR:

~' &0.33+0.03
",,,~

10~ ) "

j
~

SSL

&0.61i0.02

N

Fig. 11. Peak positions, q*, versus chain length, N, at 150 ° C in a log-log-representation. Squares:
disordered samples, circles: annealed samples, triangles: solvent-cast samples, diamonds: shear aligned

samples. Open symbols: SANS, filled symbols: Kratky-camera, crosses: pinhole SAXS camera. Full

lines: weighted linear fits in the range N
=

156 921 and N
=

921 3090. The dashed line has a

slope of -0.5. ISR stands for intermediate-segregation regime, SSL for strong-segregation limit, GST

for Gaussian-to-stretched-coil transition, ODT for order-disorder transition and ISC for intermediate-

to-strong-segregation crossover.

the beam length as well as for the width effect (Fig. 12). For two samples, the peak positions
thus found are reproduced with instruments having pinhole geometry, I.e. the procedure for

desmearing spectra measured with the Kratky-camera leads to reliable results for the peak

positions (Tab. II). A theoretical expression for the peak shape in the disordered state has

been given by Leibler [2j, but in the present study, Lorentz-functions
are

fitted to these spectra

in order to maintain consistency with the treatment of spectra from ordered samples. Only
the positions of the peaks in spectra from disordered samples are used for further analysis.
A characteristic length in the disordered state is defined as D

=
2~rIq*, q* being the peak

position.
In order to establish the dependence of the characteristic length on chain length, the peak

positions from all three instruments were used. For details of the analysis see reference [8j.
Scaling behavior could be assigned within the whole N-range studied, but with a significant
change in exponent for small and large values of N: D c~

N° ~~~°.°~ for N
=

156 921 and

D c~
N° ~~~°.°~ for N

=
921- 3090. The crossover between these two regimes is located at

N
=

905, which corresponds to XN ~d 29. The former region is identified as the Intermediate
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Segregation Regime (ISR) and the latter one as the SSL. In the following, we discuss the char-

acteristics of the SSL, the crossover to the ISR (the ISC, Intermediate-to-Strong-segregation
Crossover) and the characteristics of the ISR.

A characteristic feature of the SSL is that the interphases between the domains are narrow.

The SAXS spectra from samples having N > NIsc display a relatively high number of Bragg-
reflections (up to seventh order, Fig. 8). Thus, the narrow-interphase assumption of the SSL-

theories is met with these samples. The exponent found in the present work id
=

0.61+ 0.02)
is lower than the values predicted for the SSL [5-7]. Nevertheless, we consider the region
N > NISC as the SSL.

The crossover from the SSL to a scaling regime with higher exponent is observed at

(xN)Isc
ci 29, a value which is reasonable compared to the range of predicted values [10-lsj.
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For XN < (xN)ISC,
we observe that the characteristic length scales with chain length like

D c~
N°~~".°~ This value of the exponent is consistent with the values identified with

other, chemically different polymers: d
=

0.80 + 0.04 with annealed poly(ethylene propylene)-
poly(ethylethylene) [16j and d

=
0.79 + 0.02 with shear aligned polystyrene-polyisoprene sam-

ples [18]. This might indicate that d is universally close to 0.8 in this regime, depending only
weakly on molecular details such as the conformational asymmetry. However, other studies find

different values of the exponent [21-23]. The samples used in these studies were solvent-cast

below the highest glass temperature of the block copolymers. In this case, one cannot exclude

the appearance of non-equilibrium structures. In the present study, the SAXS spectra from

ordered samples in the ISR display only one peak, indicating that the concentration profile is

close to sinusoidal, in consistency with theories [9-11,15].
We observe that the ISR reaches into the disordered state, the GST thus being located in the

disordered state. This is in consistency with fluctuation theories [19, 20] which predict devia-

tions from Gaussian scaling due to chain stretching already in the disordered state. However;
the location of the GST is predicted to depend on the chain length: the larger N, the closer

(xN)GST is to (xN)ODT. In experimental systems, studies of the N-dependence of the GST

are difficult to realize. One is limited by the range of chain lengths which can be synthesized
(N

ci 20 10 000). Very short chains, however, are not suitable for studies of the scaling be-

havior of the characteristic length scale because they are not Gaussian. Very high molar mass

polymers, on the other hand, become difficult to handle and thermal equilibrium is difficult to

achieve because of the low chain mobilities.

As discussed in references [8,17],
we have identified the lower limit of the ISR in our system

using dynamic light scattering to be located at xN ~d 5. A line with slope -112 has therefore

been included in Figure 11 for xN < 5. The degree of chain stretching is related to the distance

between the obtained peak position, q*, and the one expected for Gaussian chains (the dashed

line in Fig. ll). The samples having xN > 5 thus display stretched chain configurations,
including the disordered ones. The exponent d is a measure for how strongly the degree of

stretching increases upon increasing the chain length (and thereby xN). From Figure 11, it

becomes clear that the deviation from Gaussian scaling with increasing chain length is stronger

in the ISR id
=

0.83 + 0.03) than in the SSL id
=

0.61+ 0.02).

No change of scaling behavior is observed at the CDT. This may be related to the fact

that the variation of the characteristic length is related to the local shape of the concentration

profile, which is only weakly coupled to the appearance of long-range order at the CDT. This

finding is consistent with the observations made in a temperature scan with a low molar mass

SB sample, discussed in the next section.

3.8. TEMPERATURE BEHAVIOR AT THE ODT. Varying the temperature for a given sample

allows more detailed studies in a small xN-range. In order to study the behavior of the

characteristic length at the CDT, we measured the temperature behavior of a sample having

an accessible CDT temperature (TODT).

Using SANS, the structure of a low molar mass sample (N
=

310) having
TODT

"
130 + 2 °C was studied as a function of temperature between l14 and 150 °C, cor-

responding to xN in the range 10.I-11.7. Before the measurements, the sample was heated

above TODT and was slowly cooled down to 114 °C.

Upon heating above TODT, the first-order Debye-Scherrer ring on the two-dimensional

detector broadens. The aziiuuthally averaged spectra are shown in Figure 13 for representative

temperatures. Fitting smeared Lorentz-functions to the peak region (0.025 0.055 i~~), the

peak height, width and position are obtained (Figs. 14 and 15).
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Fig. 13. Azimuthally averaged and background-corrected SANS spectra from sample SB11 at some

representative temperatures. From top to bottom: 114, 122, 126, 129, 130, 134, 138, 142, and150 °C.

The lines are fits of smeared Lorentz-curves. The curves are
shifted by 0.3 x

10~~ arb. units.

The peak height and the correlation length, (, drop discontinuously between 129 and

130 °C to approximately half their value. This temperature coincides with the CDT temper-

ature determined in the dynamic mechanical experiment (Fig. I). The discontinuity in peak
shape is consistent with the observations made in references [37, 38] and indicates the first-

order nature of the phase transition. The integrated intensity, however, which is calculated by
integrating over the unsmeared Lorentz-functions (Fig. 14c), decreases upon heating, which is

attributed to a gradual decrease of contrast. At TODT, no significant discontinuity is observed,
only a change of slope: In the range l14-126 °C, the slope is (-0.66 + 0.04) x

10~~ arb.units
i~~ /K, whereas a value of (-0.37 + 0.04)

x
10~~ arb.units i~~ /K is obtained in the range

134-150 °C. In the ordered state, the slope is thus a factor 1.8 larger than in the disordered

state. The lack of a discontinuity is attributed to the fact that, locally, the concentration profile
is very similar just below and just above TODT, I.e. only the long-range organization changes

at the CDT.

The peak position, q*, rises with temperature (Fig. 15) which means that the characteris-

tic length decreases upon heating. This is attributed to an increase in chain flexibility upon

heating, resulting in a decrease of the radius of gyration. Lines have been fitted above and

below TODT. In the ordered state (l14-126°C),
a slope dln(q*)/dT

=
(0.132 + 0.005) x

10~~ K~~ is obtained, which is identical to the slope in the disordered range (134-150°C):
(0.132 + 0.004) x

10~~ K~~. However, in a narrow range around TODT (128-132°C),
a higher

value is found:
m~

0.17 x
10~2 K~~ The finding of a higher slope near the CDT is in consistency

with the observations made in references [38-40].

Extrapolating the lines fitted in the ordered and the disordered state to TODT, a difference in

q* of 4 x
10~~ i~~ is found, which corresponds to a relative discontinuity of the peak position

at TOOT of 0.lit. The fact that the discontinuity is so small differs from the observations

made by other groups: some groups have observed changes of the peak position at TODT of

several percent [38-40], whereas others have not observed any discontinuous change [37, 41].
The magnitude of the discontinuity of the peak position at TODT thus seems to depend on the

molecular details.
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All values of dln(q*)/dT
are higher than expected for Gaussian chains. The latter can be

calculated applying the definition for the coil expansivity. ~ (e. g. [42] to the block copolymer:

~sB "
~~~$ ~° (9)

which is equivalent to

In(q*)
=

const
~~~

T (10)
2

assuming q* c~
((R~)(~)~Q~ (R2)(~ denotes the unperturbed mean-square end-to-end dis-

tance of the SB block copolymer, which for Gaussian chains is given by the sum of the mean-

square end-to-end distances of the polybutadiene and the polystyrene block:

lR~ll~
=

lR~ll~ + lR~ll~ (11)

us,~~

~

(R~)~~ ~Ps + (R2)(B ~p~
~~ iR211S + iR211B

i121

Using the values for (R2)(~ /Mps and (R2)(~ /MpB given in Section 3.2 together with the molar

masses of the two blocks, Mps
"

9930 g/mol and AIpB
"

8370 g/mol and

~ps "
-I.I x10~~K~~ [43] and ~pB #

0 [26], we find dln(q*)/dT
=

-~sB/2
=

2.0 x
10~~K~~

The slopes identified in the present study are a factor 7 and 9 higher. We therefore conclude

that the chains are stretched throughout the regime studied. This is in accordance with the

observation that the exponent d is higher than 0.5 for N
=

156 310 at 150 °C, i.e. the chains

are stretched for xN > 5 (Sect. 3.7).

4. Summary and Conclusion

In the present study, the bulk structure of a homologous series of symmetric polystyrene-
polybutadiene diblock copolymers has been investigated.



N°12 THE BULK STRUCTURE OF A DIBLOCK COPOLYMER SYSTEM 1851

Different sample preparation methods have been applied in order to ensure thermal equilib-
rium. The overall structures obtained differ strongly from each other, however, the values of

the lamellar thickness obtained are equal within a few percent. We have analyzed the SANS

and SAXS spectra with the aid of simple model calculations of the scattering from lamellar

structures.

Annealed samples are found to consist of randomly oriented, lamellar domains, whereas

solvent-cast and shear aligned samples are macroscopically oriented to a certain degree. In

solvent-cast samples, the lamellar interfaces are parallel to the film surfaces and in shear aligned
samples perpendicular to the shear gradient. It is found that, under the present conditions,
the shear aligned samples are oriented to a higher degree than the solvent-cast samples.

In solvent-cast and shear aligned samples, the number of correlated lamellae is higher in

oriented than in non-oriented domains. For samples prepared in either way, the number of

correlated lamellae is maximum for medium molar masses. Close to the ODT, defects of the

lamellar structure together with a distribution of lamellar thicknesses might be at the origin
of the small number of correlated lamellae. In the SSL, the chain mobilities are so low that

the formation of domains is a very slow process.

The concentration profile is shown to be close to sinusoidal in the vicinity of the CDT. It

gradually becomes rectangular, i.e. the lamellar interfaces become narrower, the deeper the

samples are in the ordered state, in accordance with theories.

The scaling behavior of the characteristic length with chain length has been studied using
data from samples having chain lengths between 156 and 3090 and being prepared as described

above. At a temperature of150 °C, a XN-range between
m~

5 in the disordered state and
m~

100

deep in the ordered state is investigated. A crossover from an intermediate-segregation regime

to the SSL has been identified at xN ~d 29. The ISR is characterized by a scaling behavior of

the characteristic length D c~
N° ~~" °~, whereas the exponent is 0.61+ 0.02 in the SSL. No

change of scaling behavior is observed at the CDT.

In a temperature scan with a low molar mass sample in the vicinity of TODT, it is found

that the variation of the peak position with temperature is slightly stronger in a narrow region
around TODT than deeper in the disordered and the ordered state. The discontinuity of q* at

TODT, however, is less than 0.I%. Above and below TODT, the temperature behavior of q* is

very similar. We therefore do not believe there is experimental evidence for splitting the ISR

up into a region located in the disordered state, (xN)GST < xN < (XN)ODT, and a region

located in the ordered state, (XN)ODT < XN < (XN)isc. The integrated peak intensity does

not change discontinuously at TODT, which indicates that, locally, the concentration profile

is very similar in the disordered and the ordered state close to the CDT. However, both the

peak height and width change discontinuously at TODT, reflecting the first-order nature of the

transition.

In summary, the picture emerging includes three regimes: the Gaussian regime at xN < 5 6

where D c~
N°.~~ [16,17], the ISR at xN ci 5 29, where D c~

N° ~~, and the SSL at xN > 29,

where D c~
N° ~~ The Gaussian regime and the SSL are thus linked by a distinct regime,

the ISR.
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Appendix A

We derive here a way of determining the number of correlated lamellae from the width of the

first-order Bragg peak, following standard methods [35].
Consider a single-crystal consisting of a stack of Ns lamellae, the lamellae normal being

parallel to the z-direction. In the
x-

and y-direction, the scattering length (or electron) density
is assumed to be constant, i.e. the model is one-dimensional. The scattering length density of

a lamellar stack is given by the convolution product of the scattering length density of a single
lamella, ps(z), and the lattice peak function, pi(z) [35]:

Ns-1

Pi(z)
=

£ dlz nD). IA-i)

n=0

D is the lamellar thickness and 0 < n < Ns I is an integer, counting the layers in the stack.

The height of the lamellar stack is thus N~D. The formfactor, F(q), related to the profile of a

single lamella, p~(z), is defined by

~
2

iflq)i~
=

/
dzPslz) exPliqz) lA.2)

o

q = (4~r IA) sin(9/2) is the scattering vector, being parallel to qz, I denotes the wavelength and

9 the scattering angle. The structure factor related to the lattice peak function is defined by

NSD ~

~

~~~~
/

~~~~~~~~~~~~~~~
~~1i~~/~~~

~~'~~

0

S(q) has maxima at q = qk =

2~rk/D, k being an integer. The intensity scattered from
a

regular stack of lamellae is given by

Ilq)
=

lflq)l~slq). (A.4)

Here, the intensity has been normalized.

In the following, two cases are considered: a rectangular and a sinusoidal profile of one

block, corresponding to the profiles deep in the ordered state [21] and close to the CDT [44],
respectively.

In case of
a symmetric rectangular lamellar profile, p~(z) has the form

l~ j o < z < D/2,
jA.5)Pslz)

=

ii D/2 < z < D.

Here, p~(z) is measured relative to the density of the pure domain of one block. In this case,

the formfactor is given by

Fi~)~
~l'~~

Sin~ l~l) iA.6)

The even-order Bragg-reflections (k even)
are suppressed by the formfactor, I-e- only the odd-

order reflections are non-vanishing. As the envelope of I(q) is inversely proportional to q2, the

peak height decreases strongly with increasing order of the reflection.
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A sinusoidal profile is described by the expression

ps(z)
=

)
(I + sin (2~r))j (A.7)

~~~~~~~ ~°

i 2~r ID j
2

qD
~ 8)(F(q)(~

~
(/~P)~ ~/ ~ j2~r/D)2 q2

~~~
2

All reflections except the first order are suppressed. The concentration profiles encountered

in lamellar block copolymer systems are expected to change from close to sinusoidal near the

CDT to close to rectangular in the SSL. This change in concentration profile corresponds

to a decrease of the width of the lamellar interfaces. The shape of the concentration profile
is reflected in the number of non-vanishing reflections: the more non-vaqishing reflections

observed, the closer is the concentration profile to rectangular, and the more narrow are the

lamellar interfaces.

The width of the first-order Bragg-reflection (centered around q =
2~r/D) depends only

weakly on the shape of the profile, but it depends strongly on N~. Thus, from the width

of the first-order Bragg-reflection, the number of correlated lamellae, N~, can be estimated,
provided that the distribution oflamellar thicknesses is narrow. Defining the half width at half

maximum, qH, by

~ ~~ ~
~~

~ ~~ ~~'~~

the following condition for qH is found for a rectangular profile, using equations (A.3, A.4 and

A.6):
qH~~2~r

~~~~~~~)~
~

~~'~~~

This equation is solved by qH "

cl (N~D) where c is weakly Ns-dependent: c increases with N~

from 2.49 for Ns
=

5 to 2.77 for Ns
=

100. For the first-order Bragg-reflection of a sinusoidal

profile (Eqs. (A.3, AA and A.8)), the condition

lj~~
~ l~

~

~

(~ii/D + q )2
~

~~~ ~

~
~~~~~~~ ~ ~~~

~~~~
~~ ~'~

~ ~~

leads to values for c between 2.67 and 2.78. In the following, c =
2.75 is used in both cases.

With this value, the error in the determination of Ns is smaller than 10%.
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