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ABSTRACT: The effect of various end-functional groups on the phase behavior of polystyrene-block-poly(n-
butyl methacrylate) copolymer (PS-b-PnBMA) was investigated by using small-angle X-ray scattering, conventional
and 3-D transmission electron microscopy, rheology, and Fourier-transformed infrared spectroscopy. A PS-b-
PnBMA with maleic anhydride (SBM66-MAH) exhibited an unexpected thermoreversible transition occurring at
higher temperature than its disorder-to-order transition temperature. The transition was very fast and induced a
large increase in shear modulus. However, the transition at higher temperature was not observed in other PS-b-
PnBMAs with carboxylic acid, diester, and hydrogen end groups.

I. Introduction

Addition of functional groups to polymer chains has long
been used in lubrication, reactive compatibilization, or surface
modification.1-3 It is generally considered that the addition to
the end-functional group (X) to polymers does not change the
phase behavior of polymer blends (A/B) or block copolymers
(A-b-B), as long as the molecular weight of the mother polymer
is much larger (approximately an order of 100) than that of X.4-6

However, when the Flory interaction parameters (ø) between
X and each polymer (øXA andøXB) are considerably larger than
øAB, single addition of the functional group might significantly
change phase behavior of the block copolymer. This is because
the phase behavior is governed byøN in which N is the total
number of statistical segments, andøN is not negligible for a
very largeø even at a very smallN (∼1).

Some research groups investigated the effect of the end groups
on phase behavior of block copolymers.6,7 Choi and Han6 found
that the order-to-disorder transition (ODT) temperature of an
end-functionalized polystyrene-block-polyisoprene-block-poly-
styrene with carboxylic acid (SIS-COOH) was marginally
increased (∼2 °C) compared with that of neat SIS. On the other
hand, Schacht and Koberstein8 showed that when the fluorosi-
lane end group (Si(CH3)2(CH2)2(CF2)5CH3) is attached to PS,
the lower critical solution transition temperature of PS/poly-
(vinyl methyl ether) blend increases by∼10 °C. These results
indicate thatøF-S (or øF-VME) is much larger thanøS-VME,
whereas the difference betweenøCOOH-S (or øCOOH-I) andøS-I

is not prominent. Therefore, the significant change in the phase
behavior by the addition of the end-functional group is expected

when øAB is much smaller compared withøXA and øXB. This
condition could be met for end-functionalized block copolymers
or polymer blends with weak interaction.

Previously, we reported the phase transition temperature of
symmetric PS-block-poly(n-butyl methacrylate) copolymer (PS-
b-PnBMA) was greatly changed by the addition of end-
functional groups to the end of PnBMA block.9 It is noted that
PS-b-PnBMA exhibits the lower disorder-to-order transition
(LDOT).10-12 The end groups used in ref 9 were diester (diE),
diacid (diCOOH), and maleic anhydride (MAH). The end-
functionalized PS-b-PnBMA copolymers also exhibited LDOT.
Among three end-functional groups, the largest decrease in the
LDOT was observed for end-functional PS-b-PnBMA with
MAH (SBM66-MAH).9 In this study, we investigated the effect
of MAH groups on microdomains of SBM66-MAH by using
small-angle X-ray scattering (SAXS), conventional and 3-D
transmission electron microscopy (TEM and TEMT), rheology,
and Fourier-transformed infrared spectroscopy. We found that
the MAH end group induced another transition occurring at a
temperature higher than the LDOT, resulting in a large increase
in storage modulus (G′) and a small reduction in the lattice
domain spacing.

II. Experimental Section
A symmetric PS-b-PnBMA (SBM66, the total weight-average

molecular weight of 66 000, the polydispersity of 1.03, and the
weight fraction of PS) 0.50) was prepared by successive addition
of styrene andn-butyl methacrylate at-78 °C by usings-BuLi.9,13

The detail synthetic procedures for the addition of the functional
groups of di-tert-butyl maleate (diE), carboxylic acid (COOH), and
maleic anhydride (MAH) to the end of the PS-b-PnBMA chain are
described in ref 9.

The rheological properties were monitored with an Advanced
Rheometrics Expansion System (ARES: TI Instrument Co.). The
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samples were compression-molded at 120°C into disks (1.2 mm
in thickness and 25 mm in diameter) and annealed at the same
temperature for 10 h to remove the stress during the compression
molding. The samples were first heated to 260°C, cooled to 220°C,
and then reheated to 260°C at a rate of 0.5°C/min. Thermal
degradation was not detected after the experiments, confirmed by
size exclusion chromatography. The strain amplitude (γ0) and the
angular frequency (ω) were 0.05 and 0.1 rad/s, respectively, which
lie in linear viscoelasticity.

Small-angle X-ray scattering (SAXS) profiles (I(q) vs q () 4π
sin θ/λ), whereq is the scattering vector and 2θ is the scattering
angle) were conducted at the 4C1 beamline at the Pohang Light
Source (PLS), Korea.14 A one-dimensional position-sensitive detec-
tor (diode-array PSD; Princeton Instruments Inc.; model ST-120)
with a distance of each diode of 25µm was used. The sample
thickness was 1.2 mm, and the sample-to-detector distance was 2.4
m. The exposure time was 2 min. All the samples were first
annealed at 120°C for 10 h, then heated to 270°C, cooled to
220 °C, and finally reheated to 270°C at a rate of 0.5°C/min.

The structures of the microdomains were investigated with a
transmission electron microscope (TEM; JEOL JEM-2200FS)
operating at 200 kV. After being annealed at 120°C for 10 h, one
sample was heated to 230°C at a rate of 0.5°C/min and annealed
for 3 h, followed by quenching into iced water. The other sample
was heated to 260°C at the same rate and annealed for 3 h and
then also quenched from 260°C. Ultrasectioning was performed
with a microtomer (Reichelt ultracut UST, Leica Microsystems Inc.,
Germany) with a diamond knife at 25°C. Finally, the specimens
were stained with ruthenium tetroxide (RuO4) vapor for 5 min at
room temperature, which selectively stained the PS microdomains.
These two TEM samples were also employed for 3D transmission
electron microtomography (TEMT) to verify three-dimensional
morphology. In the TEMT experiments, a series of TEM micro-
graphs at different tilting angles were collected with a slow-scan
CCD camera (Gatan USC1000, Gatan Inc.). To obtain achromatic
projections, only the transmitted and elastically scattered electrons

(electron energy loss: 0( 30 eV) were selected by an energy filter
installed in the JEM-2200FS (Ω filter, JEOL Ltd., Japan).15,16The
tilt series was taken over a tilt angle from 60° to -60° for the
sample annealed at 230°C and from 65° to -60° for the one
annealed at 260°C. The angular increment was 1° for both cases.

FTIR spectra were measured at a spectral resolution of 4 cm-1

with a Bomem DA8 FTIR spectrometer equipped with a liquid-
nitrogen-cooled MCT detector. A Seagull attachment (Harrick
Scientific Corp.), which includes a heating block attachment, was
used in this study. A powder consisting of SBM66-MAH (or
SBM66) and KBr was prepared by using a freezer mill. Before
making the power, we annealed the block copolymer at 120°C for
2 days to obtain the fully disordered state. All diffuse reflectance
FTIR spectra were measured by coadding 256 scans from 100 to
270°C at an interval of 5°C after the sample was equilibrated for
30 min at the measurement temperature.

Figure 1. (a) Temporal changes ofG′ for PS-b-PnBMA (SBM66) and
the end-functionalized derivatives with diester (SBM66-diE), carboxylic
acid (SBM66-COOH), and maleic anhydride (SBM66-MAH). (b)
Temporal change ofG′ of SBM66-MAH obtained during heating and
cooling scans at a rate of 0.5°C/min.

Figure 2. 2D maps of FTIR spectra of (a) SBM66 and (b) SBM66-
MAH.

Figure 3. SAXS profiles for SBM66-MAH at various temperatures.
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III. Results and Discussion

Temporal change in the storage modulus (G′) is a useful
means to monitor the transitions of a block copolymer.17-19 In
the previous study, we reported temporal changes in the storage
modulus (G′) of SBM66, SBM66-diE, SBM66-diCOOH, and
SBM66-MAH up to 230°C.9 Addition of end-functional groups
to SBM66 markedly decreased LDOT, even down to ca. 30°C
for SBM66-MAH. The surprising results were explained by the
difference of interaction parameters (øMAH-S > øMAH-nBMA .
øS-nBMA). Figure 1a shows temporal changes inG′ of the same
block copolymers heated to 260°C. All samples exhibited abrupt
increase inG′ at a critical temperature, which is referred to as
LDOT. Very interestingly, SBM66-MAH exhibited another
large jump inG′ near 245°C, whereas the other three block
copolymers (SBM66, SBM66-diE, SBM66-diCOOH) did not.
Such abrupt increase inG′ for SBM66-MAH at high temper-
atures could be attributed to either a physical change of the
morphology or a chemical change such as thermal cross-linking.
Since SBM66-COOH and SBM66-diE did not show this
behavior at high temperature, the increase inG′ results from
the existence of MAH groups at the chain ends. If chemical
change or thermal cross-linking due to MAH groups occurs
around 245 °C, the behavior ofG′ should be thermally
irreversible. On the other hand, if the change ofG′ results from
physical transition due to the morphological change, it should
be thermally reversible. Figure 1b gives temporal change inG′
during repeated heating and cooling scans. No thermal hysteresis
was observed during the heating and cooling cycles, which
indicates that the transition is induced by a physical change of
the morphology.

The morphological transition is usually accompanied by the
change of chain conformation. This could be monitored by
Fourier-transformed infrared spectra. We recently showed that
2D map of FTIR detected the transition temperatures of block
copolymers.20,21 Parts a and b of Figure 2 give 2D maps of
temperature-dependent FTIR of SBM66 and SBM66-MAH,
respectively. The 2D map is a plot of dA/dT as a function of
wavenumber and temperature (T), in whichA is the absorption
intensity.22,23It is seen that 2D map at all wavelengths for both
SBM66 and SBM66-MAH exhibited the maximum at 200 and
150 °C, respectively. These temperatures correspond to their
LDOTs. But, an additional maximum in the 2D map was
observed at ca. 245°C for SBM66-MAH, whereas it was not
observed for neat SBM66. We further note that the additional
maximum was not observed for SBM66-diE and SBM66-
COOH, indicating the change of the chain conformation near
245 °C occurred in SBM66-MAH only.

Figure 3 gives SAXS profiles for SBM66-MAH at 230-
270°C. It is noted that only the first-order peak in SAXS profiles
was observed due to the small electron contrast between PS
and PnBMA. The peak intensity (I(q*)) increased up to 240°C
during the heating, which is consistent with the nature of the
LDOT behavior. Then,I(q*) decreased at 252°C and increased
gradually as the temperature was further raised. Interestingly,
q* at 260 (or 270°C) was 0.245 nm-1, ∼5% larger than that
(0.233 nm-1) at 240°C, indicating that the domain spacing at
higher temperatures was slightly, but not negligibly, smaller than
that at lower temperature.

The morphological transition of SBM66-MAH near 245°C
was monitored with TEM images. Parts a and b of Figure 4
give TEM images of SBM66-MAH annealed at 230 and
260 °C for 3 h, respectively, followed by quenching into iced
water. In contrast to the expectation from the results so far, these
TEM images did not show any clear morphological change.
They rather looked to have the same lamellar structures although
some of microdomains at the higher temperature in Figure 4b
exhibited disconnections and splitting along the microdomains.
The domain spacing of a sample annealed at 260°C appeared
to be smaller than that annealed at 230°C, which is consistent
with SAXS profiles given in Figure 3. 3D-TEMT studies were
also performed for the precise investigation of the morphology.
The decrease of lamellar spacing of a sample annealed at 260°C
was also observed in the 3D-TEM cross-sectional images, but
the morphological difference was not noticeable. (Full movies
of 3D-TEMT images are given in the Supporting Information.)

The transition of SBM66-MAH at 245°C was clearly
demonstrated in Figures 1-3. Unfortunately, the weak contrast
of electron density between PS and PnBMA led to a SAXS
profile without having any higher order peaks, and TEM images
could not clearly verify the change of the microdomains; thus,
the detail change of microdomains during the transition could
not be exactly explored. We might consider two possible reasons
for the transition.

The first is that the transition might be due to the cluster
formation between the end groups at high temperatures. The
microphase separation between PS and PnBMA blocks may
increase the number density of the end group in the central
region of PnBMA microdomains. As the temperature is raised,
the end groups become more concentrated because of the LDOT
behavior between PS and PnBMA blocks. When the end groups
have strong interaction between themselves, they might form
small clusters in the central region of PnBMA microdomains.
These clusters (or aggregations) might play as the physical cross-
linking points for PnBMA chains and restrict severely the

Figure 4. TEM images of SBM66-MAH prepared at (a) 230°C for 3 h and (b) 260°C for 3 h.
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motion of PnBMA chains; thus, a largeG′ would be expected.
However, the MAH groups themselves do not have any strong
interaction such as hydrogen bond. Rather, COOH end group
should have higher possibility of the cluster formation arising
from the hydrogen bonding compared with the MAH end
groups. Also, this cluster (or aggregation) formation should be
a gradual, not sharp, transition. Furthermore, the degree of the
aggregation should be decreased (not increased) as the tem-
perature is raised. On the basis of these considerations, we
conclude that the transition at 245°C would not be attributed
to the cluster (or aggregation) formation of MAH end groups.

The second reason for the transition at 245°C might be a
morphological transition from lamellae (LAM) to perforated
lamellae (PL). The large increase inG′ (2 orders of magnitude)
was reported during the transition from LAM to PL micro-
domains,24 which is consistent with the result in Figure 1. Also,
a slight decrease (5-9%) in the microdomain spacing was
reported during the transition from LAM to PL,24,25 which is
also in an agreement with the SAXS and TEM results as shown
in Figures 3 and 4. Hajduk et al. observed long-lived metastable
perforated layer structures (PL) during the transition from LAM
to gyroid (G) microdomains, whereas PL was not detected
during the transition from G to LAM.24 Register and co-workers
reported thermally reversible transition behaviors in PS-block-
poly(ethylene-co-propylene) copolymers between LAM and PL
as well as between PL and CYL.25,26During gradual temperature
raise, LAM and PL structures coexisted in a wide temperature
range between 220 and 260°C.25 On the repeated jumping and
cooling of the temperature, the transition was remarkably rapid
so that the reversible transitions were stabilized within 1 min.
The result given in Figure 1b suggests that the reversible
transition in this study was also finished within 1 min in a very
narrow range of temperature. The fast reversible nature of the
transition might be a reason that we could not observe PL in
TEM study.

However, there remain some questions regarding the mor-
phological transition from LAM to PL at higher temperatures.
Is it possible that SBM66-MAH having symmetric composition
could exhibit PL microdomains? PL microdomains have not
been reported in block copolymers with symmetric composition
(namely, the volume fraction of one of the block is very close
to 0.5).24-26 Also, the addition of single MAH group in SBM66-
MAH does not change the volume fraction, since the volume
fraction of MAH in SBM66-MAH is just 0.015. At this stage,
we do not have any definite explanation for the transition.
Another question is why the single MAH end group among four
different end groups can effectively change the microdomain
morphology. It might be possible that other SBMs with end-
functional COOH, diE, and H groups exhibit this transition at
very high temperatures (of course, higher than the thermal
degradation temperature (∼300 °C)). If this is the case, the
transition should be originated from the change in the interaction
parameter between PS and PnBMA by the addition of functional
groups, as described in the previous study.9 This argument might
be resolved by adding proper solvents with high boiling
temperature because the LDOT of neat SBM was judiciously
controlled by adjusting the solvent selectivity.27 This investiga-
tion seems to be beyond the scope of this paper and remains as
a future study.

In summary, we have observed that the end-functionalized
symmetric PS-b-PnBMA with MAH exhibited an unexpected
thermoreversible transition occurring at a temperature higher
than the LDOT. The transition was very fast and induced a large

increase inG′. Although a morphological transition between
LAM and PL microdomains might be a plausible explanation,
the definite origin of this transition is not clear at the current
stage.
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