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Introduction

In this Note, we report the discontinuous change of the
scattering parameters with temperature (T) across the order-
disorder transition (ODT) temperature (TODT) for the nondeu-
terated polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) block copolymer (BCP) system. This discontinuous
change has not been reported so far for PS-b-PMMA though it
is commonly observed for other BCPs such as PS-block-
polyisoprene and PS-block-polybutadiene. We also observed that
the Flory-Huggins interaction parameter, �, between polysty-
rene (PS) and poly(methyl methacrylate) (PMMA) is slightly
larger compared to deuterated samples, having similar molecular
weight and compositions.1,2 This implies that deuteration of
either PS or PMMA or both blocks appears to increase
miscibility between two blocks and lowers TODT.

PS-b-PMMA has been studied extensively, especially with
respect to the ease of manipulation of its microdomain structure
within a thin film geometry; see cited reviews.3-5 Concurrently,
there has been some effort to characterize the ODT and �
between PS and PMMA, since such information is key to
controlling the microphase separation and hence the physical
properties of the polymers, especially the interfacial behav-
ior.1,2,6-16 To address specifically the � parameter between PS
and PMMA, Stühn analyzed � for a homogeneous short chain
diblock of PS-b-PMMA using small-angle X-ray scattering
(SAXS)17,18 Russell et al. obtained quite different � values (to
Stühn) for deuterium-labeled BCPs (of approximately twice the
molecular weight), where either PS or PMMA or both blocks
were deuterated, as a function of temperature by small-angle
neutron scattering (SANS).1,2

Although all the reported scattering results for the PS-b-
PMMA system are obtained for homogeneous BCP melt, no
paper has simultaneously reported on a PS-b-PMMA system’s
ODT. As per Russell et al., the � value of PS-b-PMMA is only
weakly temperature dependent; thus, although the BCP working
temperature window is relatively large with a lower bound of
the glass transition temperature (∼100 °C) and the upper bound
of ∼250 °C where the polymer thermally degrades, the
corresponding molecular weight window where the ODT can
be observed is remarkably small for PS-b-PMMA in comparison
to other BCP systems.19,20 Amundson et al., in manipulating

the alignment of lamellar microstructure by an electric field,
reported (without data) a TODT of 182 °C for 31K PS-b-PMMA
and 251 °C for 37K PS-b-PMMA by birefringence and dynamic
mechanical spectroscopy.21 Anastasiadis et al. and Fernandez
et al. employed the � parameter when studying the PS/PMMA
interfacial width in block copolymer and homopolymer thin
films.6,10 Also within a thin film geometry, Menelle et al.
demonstrated a method of determining the bulk phase TODT

using an extrapolation of film thickness.14 More recently, Wang
et al. found the formation of the lithium-PMMA complexes
may increase � in PS-b-PMMA copolymers with the result of
an increase in microdomain spacing and ordering.22

In this work, we report the discontinuous change of the SAXS
profiles of PS-b-PMMA with T across TODT brought about by
a fluctuation-induced first-order phase transition.23,24 We also
report the � parameters between PS and PMMA estimated by
Leibler’s mean-field theory25 at T > TMF, where TMF is regarded
as the crossover temperature from a mean-field disordered state
to the non-mean-field, fluctuation-influenced, disordered state.19

Combining the earlier reported data and our work, one can better
clarify the temperature dependence of � for PS-b-PMMA BCPs.

Experimental Section

Sample Preparations. PS-b-PMMAs (sample 1: Mn ) 28K, Mw/
Mn ) 1.05, and the volume fraction of PS, fPS ) 0.56; sample 2:
Mn ) 25.7K, Mw/Mn ) 1.05, and fPS ) 0.53) were used directly as
purchased from Polymer Source Inc. The BCP powders were first
dissolved in benzene with a concentration of 5.15 wt %; then the
BCP films (1 mm thick) were prepared by slow evaporation of
benzene at room temperature for 1 week and then in a vacuum
oven for 1 week.

SAXS Measurements. SAXS profiles were measured in situ at
each temperature with the SAXS apparatus described elsewhere.26

To suppress thermal degradation as much as possible, the sample
was placed in the sample chamber filled with nitrogen gas, and the
temperature was controlled with an accuracy of (0.03 °C. The
profiles were desmeared for slit-height and slit-width effects and
corrected for absorption, air scattering, and thermal diffuse scattering
as described elsewhere.27,28 In Figure 1, we present the temperature
protocols for the series of SAXS experiments. The SAXS measure-
ments were conducted during a cooling process that started at 230
°C for sample 1 and 220 °C for sample 2. At these temperatures,
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Figure 1. Thermal protocols adopted in the SAXS measurements for
(a) sample 1 (PS-b-PMMA 28K) and (b) sample 2 (PS-b-PMMA
25.7K). The arrow marked by “TODT” is TODT for sample 1
(205-203 °C).
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both the specimens were initially in the disordered state. At each
measuring temperature, the samples were held for ∼60 min before
the measurement with the position-sensitive detector and a measur-
ing time of ∼60 min. The TODT, determined directly by a
discontinuous change of the observed SAXS profiles with T, is
marked with the arrow labeled by “TODT” for sample 1. As for
sample 2, no TODT was detected.

Results

Figure 2a shows desmeared SAXS profiles around the first-
order scattering maximum from sample 1 taken in situ at various
temperatures according to the thermal protocol shown in Figure
1. Scattering intensity is plotted against magnitude of the
scattering vector q [q ) (4π/λ) sin(θ/2), where λ ) 0.154 nm
and θ ) scattering angle]. A sharp and remarkable change of
the first-order scattering profiles is clearly discerned at temper-
ature between 205 and 203 °C. This discontinuous change of
the SAXS profile enables a clear-cut determination of the TODT

of sample 1. TODT thus determined is 203 °C < TODT < 205 °C.
The second-order Bragg peak appears at q twice as large as the
q value at the first-order scattering maximum (not shown here)
at T < TODT, which is caused by the slightly asymmetric
composition (fps ) 0.56) and indicative of the typical lamellar
morphology formed in the ordered state.

Figure 2b shows the corrected SAXS profiles from sample 2
taken in situ at various temperatures according to the thermal
protocol shown in Figure 1. We observe a continuous change
of the profiles near the first-order scattering maximum in terms
of peak width and peak position over the temperature range
covered in this work. Judging from the large peak width relative

to that in the ordered state shown in Figure 2a, it is reasonable
to assume that sample 2 is in the disordered state in this
temperature range.

Analysis and Discussion

Discontinuity at the ODT Temperature. A discontinuous
change in the shape and height of the principal SAXS scattering
peak as the temperature spans the TODT is a characteristic
signature of the order-disorder transition. To quantitatively
characterize ODT, the first-order peak was analyzed in terms
of its maximum intensity (Im), peak position (qm), and half-
width at half-maximum (hwhm, σq). Conventionally, the plot
of Im

-1 or σq
2 vs T-1 shows a discontinuous change at

TODT
18,19,29-32 as a consequence of thermal fluctuation-induced

first-order transition.23,24

Parts a and b of Figure 3 show Im
-1 and σq

2 plotted as a
function of T-1 for samples 1 and 2, respectively. As we
expected, both Im

-1 and σq
2 have similar temperature depen-

dence. A sharp discontinuity appears in the temperature
dependence in a narrow temperature range between 205 and
203 °C for sample 1. Commonly, the curves were divided into
three temperature regimes, namely, above, near, and below the
transition point. In each regime, Im

-1 vs T-1 and σq
2 vs T-1

follow approximately a straight line as shown in Figure 3a. The
temperature range of ODT described above was determined from
the two intersections of the three lines (205 to 203 °C). As for
sample 2, TODT is not clearly discerned, probably because TODT

is below the observed temperature range or the glass transition
temperature of the sample. The scattering data show a continu-
ous increase of the maximum scattering intensity and a decrease
of the peak width upon cooling. This is the normal behavior
due to the increase of segregation force upon cooling.

Estimation of the � Parameter. The � parameters can be
estimated by analyzing the scattering profiles from the disor-
dered melt on the basis of Leibler’s mean-field theory25 modified

Figure 2. Temperature dependence of the SAXS profiles near the first-
order peaks for (a) sample 1 and (b) sample 2. The lines in the figure
show the calculated scattering profiles best-fitted with the experimental
profiles by changing � as an adjustable parameter.

Figure 3. Im
-1 and σq

2 plotted as a function of T-1 for (a) sample 1
and (b) sample 2. The lines in the figure are guides to the eye.
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for the effects of the molecular weight polydispersity and
asymmetry in segmental volume. Detailed fitting information
can be found in refs 19 and 20. Further details of specific
equations and fitting parameters for our data analysis are
provided as Supporting Information. Since the measurable
temperature window of sample 2, where the sample is in a
disordered state approximately characterized by the mean-field
theory, is much wider than that of sample 1; sample 2 offers
more reliable information on the temperature dependence of �.
The resultant � values for sample 2 are shown in Figure 4a as
a function of T-1. We observe the crossover point, which is
denoted by TMF and marked by arrow. It is clearly shown that
at T > TMF � increases linearly with T-1, but the increase of �
tends to level off at T < TMF. This observation was extensively
discussed in earlier publications.19,29 The leveling off in � at T
< TMF in the disordered state indicates the deviation from the
mean-field behavior such that concentration fluctuations having
a large amplitude, large correlation length, and long lifetime
predicted by the mean-field theory are suppressed by random
thermal noise. The � values extracted from the analyzed SAXS
data at T > TMF can be written by

where �s and �H are the entropic and enthalpic contributions,
respectively. The linear least-squares fit to the data for sample
2 at T > TMF yields

Our analysis shows that the entropic contribution, �s, to the
net, �, is much greater than the enthalpic contribution, �H/T,
over the temperature range of our interest, leading to a weak
temperature dependence of �, a result consistent with the reports
of Russell and co-workers for deuterated PS-b-PMMA sys-
tems.1,2 Thus, a slight increase of the total number of segments
in the PS-b-PMMA chains would lead to significant increase
of the TODT.

We compare our results of � values given by eq 2 to the
literature data in Figure 4b. Line 1 represents � ) 0.035 + 8.8/T
(Stühn, PS-b-PMMA sample in ref 17, Mn ∼ 13.3K, fPS ) 0.49),
which is much higher than other samples. Lines 2-4 are
obtained from the labeled samples in ref 2, where line 2
represents � ) 0.0282 + 3.9/T (dPS-b-PMMA sample, Mn ∼
27.7K, fd-PS ) 0.44), line 3 represents � ) 0.0292 + 3.2/T (PS-
b-dPMMA sample, Mn ∼ 27 K, fPS ) 0.50), and line 4 represents
� ) 0.0251 + 3.2/T (dPS-b-dPMMA sample, Mn ∼ 32.6K, fd-

PS ) 0.48). It is notable that these deuterated samples have
similar molecular weights and compositions as our samples. At
a given temperature, the � value for our samples (shown as
symbols in the figure) is a little bit larger than that of the labeled
systems. On the other hand, Callaghan et al. reported an even
lower � value (line 5: PS/PMMA, � ) 0.021 + 3.2/T) on the
basis of cloud point measurements from homopolymer blends
of PS and PMMA.33

Molecular weight effects and the role of architecture (block
copolymer vs homopolymer) are thought to influence the
averaged � parameter in a system.9 This is through contributions
(of the order of ∼1/N) from the different chain end and block
copolymer junction chemistries. It is often difficult to find
consistency between the experimental results of different groups.
This is the case here where the results of Stühn et al.17 are very
different to our own and also to the values of Russell et al. and
Callaghan et al. Our rationalization is that the differences are
due to the lower molecular weights used by Stühn et al. Notably,
Stühn et al. and Callaghan et al., both studying nondeuterated
PS/PMMA systems, extracted � parameters that are higher or
lower than the values determined by Russell et al. The
comparison of Callaghan et al. and Russell et al. results appears
to indicate that a hydrogenated PS has a greater wetting power
on a PMMA interface than its deuterated equivalent. This is
inconsistent with a recent work of Harton et al., where dPS
was shown to have a lower interaction energy with PMMA than
PS.12 Our own data support this conclusion.

In principle, the experimentally determined TODT and the
experimentally derived � parameter can be related by existing
theory. Leibler determined a critical value of �N ) 10.5 for
phase separation, under the assumption of mean field and a
monodisperse symmetric BCP system (of infinite N). Fredrick-
son and Helfand later predicted that fluctuations would increase
the critical value of �N (with a correction as N-1/3) and alter
the transition to one that is weakly first order. This is the
transition observed with SAXS. Therefore, the mean-field
determined TODT should be higher than the experimentally
observed TODT. Experimental work by Lynd and Hillmyer shows
that polydispersity can stabilize an ordered phase against
disorder (i.e., reduce the critical �N value).34 It is easy to show
that for the PS-b-PMMA system a change in N of a single
segment alters the calculated TODT by ∼7 °C. Given this
sensitivity to N, arising from the insensitivity of the � parameter
to temperature, it is not reliable to make comparisons to the
predictions of Leibler or Fredrickson and Helfand.

Figure 4. (a) Temperature dependence of � for sample 2. The dotted
line in the figure shows the leveling off in � with T-1 below a crossover
temperature denoted by TMF from the mean-field theory (solid line).
(b) Comparison of our experimental � data (triangles for sample 1;
squares for sample 2: � ) 0.0282 + 4.46/T) to the literature reported
data (line 1: [ref 17] PS-b-PMMA, � ) 0.035 + 8.8/T; line 2: [refs 1
and 2] dPS-b-PMMA, � ) 0.0282 + 3.9/T; line 3: [refs 1 and 2] PS-
b-dPMMA, � ) 0.0292 + 3.2/T; line 4: [refs 1 and 2] dPS-b-dPMMA,
� ) 0.0251 + 3.2/T; line 5: [ref 33] PS/PMMA, � ) 0.021 + 3.2/T)
from BCPs and blend systems, respectively.

� ) �s + �H/T (1)

� ) 0.0282 + 4.46/T (2)
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Conclusions

The order-disorder transition for two symmetric polystyrene-
b-poly(methyl methacrylate) diblock copolymers was investi-
gated by a high-temperature-resolution SAXS experiments with
small decreases of T across the TODT. The characteristic TODT

was determined experimentally from the discontinuity of Im
-1

and σq
2 vs T-1. The discontinuity has not been reported so far

for this particular BCP though the discontinuity has been
reported for other BCPs. The results directly confirm the
fluctuation-induced weakly first-order transition for this BCP
also. In the disordered state, far above TODT, the � parameter
for PS-b-PMMA was also extracted and found to be slightly
larger than that in the deuterated systems having the similar
molecular weight and compositions. PS-b-PMMA is a promising
technological system that is able to be manipulated to provide
nanostructural templates and scaffolds.35-38 Hence, our precise
determination of � and the order-disorder characteristics of a
nondeuterated system will be invaluable to future works.
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