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ABSTRACT: Three copolymers of poly(ether sulfone) and
poly(ether ether sulfone) with the same composition but dif-
ferent sequence distribution were synthesized by three kinds
of methods. Their molecular aggregation in dichloromethane
was studied by fluorescence spectrophotometer and electron
microscope. The experimental results revealed that the for-
mation of intermolecular excimers in alternative copolymer
(A50) dichloromethane solution were observed at a A50 con-
centration about 1.6 3 1022 g/mL by the fluorescence analy-
sis, but the formation of intermolecular excimers in dichloro-
methane were not found for random copolymer (R50) and

block copolymer (B50). The electron micrograph of three co-
polymer films, heat-treated at 2008C for 7 days, presented a
diffraction micrograph, which suggest that three copolymer
molecular aggregation is changed from a randomly coiled
amorphous phase to an ordered one, and the order structure
of alternative copolymer (A50) was the most distinct in three
copolymers. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
2263–2266, 2007
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INTRODUCTION

Poly(ether sulfone)s (PESs) are high-performance en-
gineering thermoplastics and have attracted much
attention because of their excellent mechanical prop-
erties, solvent resistance, and high thermal stability.
Different poly(aryl ether sulfones) and PES-type
copolymers have been developed for some applica-
tions.1 The heat treatment of PES, an amorphous
polymer, at an appropriate temperature below the
glass transition temperature (Tg) changed the ther-
mal and mechanical properties of the PES, as is dif-
ferent from that of general amorphous polymers.2,3

From the structural viewpoint, it was supposed that
the amorphous random arrangement of the molecu-
lar chains in the PES is changed to a certain ordered
phase during the heat treatment. This assumption is
satisfactory for the explanation of the various
changes in the physical properties caused by the
heat treatment.4 For clarifying the existence of such
an ordered phase, the conformation of the molecular
chains in the PES dichloromethane solution was
investigated by fluorescence spectra. The experimen-
tal results proved5 that the intermolecular excimers
in PES dichloromethane could be formed. In this

paper, three copolymers of PES and poly(ether ether
sulfone) (PEES) with the same composition but dif-
ferent sequence distribution were synthesized by dif-
ferent methods. Accordingly, we try to find the rela-
tionship between sequence distribution and excimer
formation. The transmission electron microscopy as
a assistant technique was adopted to study the
effects of sequence distribution on the molecular
aggregation for three kinds of copolymers.

EXPERIMENTAL

Copolymer Synthesis

PES/PEES random (R50), block (B50), and alterna-
tive (A50) copolymers with the molar ratio (50/50)
were synthesized by one-step and two-step reaction
methods, respectively, and the detailed procedures
of the synthetic routes have been described
previously.6,7

Measurement

The X-ray scattering measurements were made on a
Japan D/max-IIIA diffractometer using monochrom-
atized Cu Ka radiation (wavelength k 5 0.542 Å).
The WAXS intensities for each sample were recorded
by a step scanning procedure in the range of 48 < 2y
< 1208. The used fluorescence spectrophotometer
was Hitachi F-4500 (Hitachi Co., Tokyo, Japan). The
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scaning rate was 120 nm/min and response time
was 2 s. The used transmission electron microscope
was Hitachi model H-8100 (Hitachi Co.). The accera-
lation voltage was 200 kV.

Sample Preparation

Three PES/PEES random, block, and alternative
copolymers dissolved in the dichloromethane at pre-
determined concentrations were used for the analy-
sis. The samples for transmission electron micro-
scopic investigations were obtained via solvent cast-
ing from 5 wt % dichloromethane solutions at 258C.
Thus-obtained bulk specimens were ultramicro-
tomed at 21008C with a diamond knife to sections
of about 50 nm thickness using Reichert-Nissei
Ultracut-S Ultramicrotome.

RESULTS AND DISCUSSION

The corrected and normalized WAXS intensities for
the quenched copolymers R50, A50, and B50 are
shown in Figure 1. The WAXS patterns comprise no
Bragg reflections, indicating that the structure of the
copolymer samples is noncrystalline.

Copolymers R50, A50, and B50 in dichloromethane
with the lower concentration of 1.5 3 1023 g/mL
were measured by fluorescence spectrophotometer at
room temperature, to examine whether an intermo-
lecular excimer was formed in the copolymer solu-
tion. Figure 2 shows the obtained fluorescence spec-
tra. The spectrum of the copolymer solution emitted
only one band maximum at the wavelength k of 395
nm. This band maximum was identified to corre-
spond to monomers having a benzene ring in the
fluorescence spectra. For the copolymer R50 and B50
in dichloromethane at the higher concentration, the
fluorescence spectrum revealed that the emission in-
tensity of monomer band maximum at k of 395 nm
first increased, and then began to decrease with the
increase of the solution concentration. No other
emission peak was found. Figures 3 and 4 shows the
obtained fluorescence spectra. For copolymer A50 in
dichloromethane at the higher concentration, the flu-
orescence spectrum revealed an anomalous emission
at higher wavelength besides the monomer band
maximum at k of 395 nm described earlier. This sug-
gests that an excimer was formed in the copolymer
A50 solution. Generally, in case that an excimer is
formed in a solution, the intensity of the monomer
band maximum is more reduced with increase in the
solution concentration. The fluorescence spectra of
copolymer A50 in dichloromethane with the various
concentrations were normalized with respect to the

Figure 1 Corrected and normalized experimental WAXS
data for quenched copolymer R50, B50, and A50.

Figure 2 Fluorescence spectrum of the copolymers R50,
A50, andB50 in dichloromethane solution (1.53 1023 g/mL).

Figure 3 Fluorescence spectrum of the copolymer R50 with
different solution concentrations. A: 1.6 3 1023 g/mL, B: 7.8
3 1023 g/mL, C: 1.6 3 1022 g/mL, D: 2.8 3 1022 g/mL,
E: 3.5 3 1022 g/mL.

2264 ZHOU

Journal of Applied Polymer Science DOI 10.1002/app



intensity at 395 nm as shown in Figure 5. The fluo-
rescence intensity of the monomer band is appa-
rently reduced at above copolymer A50 concentra-
tion of 1.6 3 1022 g/mL. The fluorescence intensity
of the excimer band at 460 nm increases with the
increase of concentrations of copolymer A50 solu-
tion. The band maximum is supposed to correspond
to the structureless band, which is characteristic for
excimers formed in certain polymers.8–10 This
implies that the formed excimer is an intermolecular
one. Namely, chromophores (benzene ring) of copoly-
mer A50 exist in the main chains which are rela-
tively rigid. Accordingly, in normal conditions, there
are less possibilities that two adjacent chromophores
in the same molecule are so arranged in facial paral-
lel that an excimer is formed as in polystyrene.

However, for copolymer A50, with the increase of
the solution concentration, two molecular chains
gained on each other. It is suggested that the chro-
mophores in the main chains arranged in facial par-
allel, so that intermolecular excimers were formed.
But, the intermolecular excimers were not observed
for copolymers R50 and B50 with higher concentra-
tion dichloromethane solution. This phenomenon
could be due to the effect of different molecular
chain sequence distribution.

As described earlier, in copolymer A50 molecular
chains, the benzene rings of the main chains can
gain on each other in parallel in higher concentration
dichloromethane solution. Further, electron spectros-
copy was applied to heat-treated copolymers R50,
A50, and B50 in various conditions to investigate the
possibilities that the molecular aggregation of the
copolymers with different sequence distribution in a
solid state is altered to an ordered phase under cer-
tain conditions. Figure 6 show the results. Figure
6(a,b) were the perspective and diffraction micro-
graphs, respectively. Figure 6(A–C) showed the
micrograph of heat-treated copolymer R50, B50, and
A50 at 2008C for 7 days. The diffraction patterns of
the heat-treated copolymer R50 and B50 had diffrac-

Figure 4 Fluorescence spectrum of the copolymer
B50 with different solution concentrations. A: 1.2 3 1023

g/mL, B: 2.8 3 1023 g/mL, C: 1.8 3 1022 g/mL, D: 3.2
3 1022 g/mL, E: 4.8 3 1022 g/mL.

Figure 5 Fluorescence spectrum of the copolymer
A50 with different solution concentrations. A: 1.8 3 1023

g/mL, B: 1.6 3 1022 g/mL, C: 2.3 3 1022 g/mL, D: 3.1
3 1022 g/mL.

Figure 6 Diffraction pattern of the heat-treated copoly-
mers at 2008C for 7 days. A: R50; B: B50; C: A50; (a) per-
spective pattern; (b) diffraction pattern.
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tion ring, but which was not clear, if it implied for-
mation of an ordered phase. But Figure 6(C) showed
the micrograph of the heat-treated copolymer A50 at
2008C for 7 days, in which the diffraction pattern
was more clear. This suggested that the heat-treated
copolymer A50 at 2008C for 7 days had a molecular
aggregation and formed an ordered phase, and the
order structure of alternative copolymer was more
distinct than random and block copolymers.

CONCLUSIONS

The molecular aggregation study of PES/PEES
copolymers with the same compositions but different
sequence distribution in dichloromethane solution
showed that alternative copolymer A50 could form
an intermolecular excimer, because alternative copoly-
mer A50 had a more normalized chain than random
and block copolymers. The observed changes in the
electron micrographic diffraction patterns of the
heat-treated copolymers R50, B50, and A50 sug-
gested that three copolymer structure could all be
altered to an ordered phase to some degree by heat

treatment at high temperature, and the order struc-
ture of alternative copolymer A50 was more clear.

These experimental results obtained by fluores-
cence spectrophotometer and electron spectroscopy
were consistent with radial distribution function
methods7 that were used to evaluate the short-range
ordering of PES/PEES copolymers with the same
composition but different sequence distribution.
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