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ABSTRACT: Phase-separated multiblock copolymers of poly(ethylene oxide) (PEQ) and poly-
styrene (PS) had been synthesized by reacting functionalized telechelic oligomers of each block to
create repeating urethane linkages between blocks. Block lengths were varied to change copolymer
composition and these effects on bulk and thermal properties were examined. The multiblock
copolymers were characterized by Fourier transform infrared analysis, 'H nuclear magnetic reso-
nance spectroscopy and ultraviolet absorption spectroscopy. Thermal analysis using differential scan-
ning calorimetry and thermogravimetric analysis showed that the melting temperature, enthalpy
of fusion, and entropy of fusion of the PEO blocks increased with increasing PEO content. The
glass transition temperature of the PS component was shifted compared to PS homopolymers.
These results are interpreted in terms of a model for PEO-PS copolymers based on various degrees
of phase-separated and phase-mixed structure. The activation energies determined for the decom-
position of the homopolymers and block copolymers are 198.4 KJ]/mol for PEO and 193.9 KJ/mol

for PS, respectively.

Introduction

Physical properties of block copolymers have
been shown to be closely related to bulk morphol-
ogy in several systems.'”® Block chemistries and
architectures can induce phase separation or phase
mixing, providing a large set of variables with
which to tailor block copolymer properties. To con-
trol and predict block copolymer morphologies and
structure-property relationships, an understanding
of molecular-level interactions that manifest various
phase behaviors must be developed.

In this contribution, two poly(ethylene oxide)-poly-
styrene (PEO-PS) multiblock copolymers are com-
pared with their respective homopolymers using
both differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) to obtain infor-
mation on phase behavior, crystallinity, and chain
activation energies. A prior study of these systems*
has shown that they are largely microphase separa-
ted. Moreover, compositional differences between
a series of these copolymers have been shown to
influence hydrated chain relaxation and surface
wettability as well as morphology.! Calorimetric
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studies of di- and triblock PS-PEQ copolymers pre-
pared by anionic polymerization methods have been
performed previously® and these data are compared
to the multiblock PEO-PS systems of this paper.

Experimental

Materials. Multiblock copolymers of PEO-PS
were synthesized as previously described. Tele-
chelic functionalized oligomers of isocyano-tele-
chelic PS and hydroxytelechelic PEO were reacted in
DMF at 60 C to give repeating carbamate-linked
alternating blocks. Copolymer products were puri-
fied by repeated, alternating precipitating into distil-
led water and ethyl ether for PEO and PS block,
respectively.! Two compositions, 65 wt% PEO
(PEO-PS1) and 43 wt% PEO (PEO-PS2), of molecu-
lar weights 1.23X 10° and 4.5X 10¢, respectively, as
determined by gel permeation chromatography and
low-angle laser light scattering,' were utilized in
this study. Polystyrene homopolymer was polymer-
ized from freshly distilled styrene monomer in evac-
uated ampules at 65 C using 2,2'-azobisisobutyro-
nitrile (AIBN) as a free radical initiator. Viscosity
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of this product was determined by Ubbelohde vis-
cometer in chloroform at 25 C and the molecular
weight was calculated from [n]=7.16X10 3-M°™
(Mark-Houwink equation).” PEO (mol.wt. 3350, Sig-
ma) was purified by repeated precipitation from
tetrahydrofuran (THF) solution into a 10-fold vol-
umetric excess of diethyl ether, dried under vacuum
over P;0s, and finally dried in vacuo at 343 K in
the melt for 12 hours. PEO molecular weight was
then determined by viscometry as detailed previous-
ly?

Characterization Methods. Fourier transform
infrared (FTIR) analysis of the polymers in KBr
pellets (Nicolet Model MX-S), 'H-NMR spectros-
copy in CDCIl; referenced against trimethylsilane
(TMS), and ultraviolet (UV) absorption spectroscopy
of polymer solution in THF were used to confirm
the bulk copolymer composition. In the UV exper-
iments, known concentrations of monodisperse poly-
styrene (Polysciences, M,/M,=1.03) were moni-
tored for absorbance at 261.2 nm (PEO shows negli-
gible absorbance at this wavelength) and a standard
curve was constructed of Ag . versus PS concen-
tration (wt% PS). Copolymer solutions of known con-
centration in THF were compared to the standard
curve for bulk PS composition. Thermal characteri-
zation involved a measurement of PEQ melting tem-
peratures (heating rate 10 C/min, 30~200 C) of
5 mg samples of vacuum dried copolymer powders,
and PS glass transition temperatures (20 T /min,
100~200 C) using 10 mg samples of the same poly-
mer powders with nitrogen as a sweep gas (50
mL/min) in a DSC instrumen: (Perkin-Elmer DSC-
4). DSC was also performed under the same condi-
tions on films of all samples cast from distilled N,N-
dimethylformamide (DMF) directly into aluminum
sample pans. After solvent evaporation and vacuum
drying, samples weighed about 10 mg. Nonisother-
mal degradation of the homopolymers and copoly-
mers was investigated by using a Perkin-Elmer
TGS-2 in nitrogen atmosphere. The gas flow rate
was 45 mL/min, temperature range was 30~500
€, and sample weights were approximately 5 mg.

Results and Discussion

IR spectra of the PEO and PS prepolymers as
well as the PEO-PS block copolymers are shown
in Figure 1. The multiblock copolymer spectrum
(B) demonstrates all of the salient features expect-
ed in the covalent coupling of the prepolymers
whose spectra are shown in (A) and (C). The pro-
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Figure 1. FTIR spectra for PEO (A), PEO-PS block
copolymer (B), and telechelic isocyanato-oligostyrene
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Figure 2. Proton NMR spectra for PS (A), PEO (B)
and PEO-PS block copolymer.

minent peak at 2230 cm™! in an isocyanate group
is apparent in the isocyanato-telechelic PS prepoly-
mer but disappears in the product spectrum (B),
with amide I and II bands appearing at 1640 and
1540 cm !, respectively, indicative of urethane (car-
bamate) bond formation between PEO and PS. In
addition, the broad C-O stretch of the ether peak
(1150 cm ™Y in PEO is also seen in the copolymer
spectrum. The proton NMR spectra shown in Fig-
ure 2 also incorporate the significant features of
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Figure 3. Ultraviolet absorbance quantification of PS
content in PEO-PS block copolymers.

the prepolymer spectrum into that of the copoly-
mer. Phenyl group signal (6.5~7.0 ppm) from PS,
methylene-ether signal (34~3.8 ppm), and PS hy-
drocarbon backbone signal (1.4~2.0 ppm) are all
present in the copolymer spec:rum. Solution absorb-
ance of UV light deonstrates riearly theoretical com-
position for PEO-PS copolymers. The PS standard
curve (Figure 3) is linear and correlation of copoly-
mer solutions to the standard curve confirms copoly-
mer compositions to be nearly 40 wt% and 65 wt%
in PEO, respectively. For comparison, powders of
copolymer samples recovered from precipitation into
poor solvents were compared to films of copoly-
mers cast from DMF. Essentially no differences
were seen between the two sample preparations
methods with regard to thermal transitions. This
observation is similar to that of O'Malley and cowork-
ers®, who found the thermal behavior in PS-PEO
di- and triblock systems to be independent of cast-
ing solvent. DSC curves showing enthalpic peaks
of melting of the polymers vs. temperature are
shown in Figure 4. In agreement with other reports
on PEO-PS systemsS the copolymer endothermic
melting point shifts to lower temperatures and the
peaks become smaller with decreasing PEO content.
PEO blocks maintain crystalline phases, even in the
presence of 57 wt% PS content.

The melting temperature, 7, was defined as the
extrapolated onset point. According to the nomen-
clature for differential thermal analysis curves,’ the
extrapolated onset is defined as the point of transi-
tion because the point of intersection from the ex-
trapolation provides the most reproducible melting
point. The melting temperature location for the
pure PEO sample is consistent with that found by
others® ® Melting point depression exhibited in
these systems is an interesting phenomenon. Pre-
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Figure 4. DSC curves of PEO enthalpic peaks of melt-

ing versus temperature in PEQ-PS multiblock copoly-
mers: (A) PEO, (B) PEO-PS1, (C) PEO-PS2.

viously published data’® based on electron micro-
scopic evaluation, suggest that increasing amorphous
PS content induces increasing levels of phase mix-
ing leading to crystalline imperfections which
cause melting-point depressions. The progressive
shifts in melting point peaks with PEO content may
be explained by Flory's polymer-diluent theory."
The lowering of PEOQ’s crystalline melting point is
caused in this case both by differing degrees of
phase mixing" of amorphous PEO (polymer phase)
in amorphous PS phases (considered as the diluent)
as well as by different forms of PEO crystals in
the copolymers induced by the presence of PS.”
Other systems™ comparing polymer-diluent mix-
tures demonstrate melting peak shifts which can be
modeled by Flory's theory by correlating T, to ther-
modynamic interaction parameters and volume
fractions of each phase.® With only two points for
a test plot of the Flory application, however, we
cannot make a judgement as to the fit of this model.
Nevertheless, phase mixing of PEO into PS ac-
counts for differing degrees of crystalline fraction ob-
served in each case.

The enthalpy change (AH,) associated with this
first-order transition is calculated as a ratio of en-

Korea Polym. J.. Vol. 1, No. 1, 1993



Bulk and Thermal Characteristics of Poly(ethylene oxide)-Polystyrene Multiblock Copolymers

Table 1. Thermal Transition Temperatures in PEO-PS Block Copolymer

Mrl
PO ——«—— T, () T, (C) % PEO
Sample (Wt%) PEO PS Block copolymer PS PEO X cryst*
PS 0 - 3X10° - 99 - - 0
PEO-PS2 43 6450 8600 4.5x10* 96 56 0.50 215
PEO-PS1 65 8130 4300 123X 10° 89 58 0.68 442
PEO 100 6450 — - - 59 0.98 98

“Weight fraction of PEO in copolymer which is crystalline; (wt% PEQ)XX.

dotherm peak areas in comparison to a known crys-
talline standard whose ethalpy change and peak
area are well characterized and reproducible. Cal-
culations for crystalline fracticn (x) and weight frac-
tion of crystalline PEOQ versus total polymer com-
position for the two PEO-PS block copolymers and
the PEO homopolymer are shown in Table 1. De-
grees of crystallinity of each PEO phase were calcu-
lated from the experimentally determined enthalpy
change of fusion using a value of 194 J/g for AH,
of 100% crystalline PEOQ.3'" " ® Weight fractions of
crystalline PEO increase with increasing PEO con-
tent in the copolymers in agreement with earlier
work.® Phenomenologically, the melting point in sys-
tems of this kind is defined as the point where
the Gibbs free energy change, AG,, is zero, even
though the system may not be at equilibrium.”” The
process is termed zero-entropy-production melting.
The melting point is a measure of the degree of
imperfection of the metastable system, and is great-
ly dependent on the thermal history of the sample,
and, in particular, the heating rate. Because AG,,
is nearly zero during a phase transition, the entropy
of the transition can be calculated from the known
data of AH, and T,, as defined under the thermo-
dynamic criteria:

AG”I = AH))I - Tlll AS}H =O (l)

AS,=AH,/T, 2

Table II shows T, derived from DSC curves, AH,,
calculated from peak areas, and AS, calculated
from AH, and 7,. T., AH, and AS, all increase
with increasing PEO content, as shown in Table
IL

Microphase separation of these PEO-PS multi-
block copolymers has been previously demonstrated
by electron microscopy.! Although we have no defin-
itive proof in this PEO-PS copolymer system, we
have evidence in other phase-separated block co-
polymer systems of similar telechelic end group
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Table II. Melting Temperature of the PEO Seg-
ment in the PEO-PS Multiblock Copolymer

Sample PEO T,,, AH, AS,,
(wt%) () J/gr  QJ/g-ty

PEO-PS2 43 56 96.7 0.294

PEO-PS1 65 58 1319 0.398

PEO 100 59 190.8 0.574

“Calculated with respect to g-PEO in each copolymer
sample.

chemistry that the urethane linkage and perhaps the
phenyl moiety terminating the PS blocks both act
to stabilize phase-separated morphologies. Hydro-
gen bonding between urethane groups in close pro-
ximity can act to stabilize phase separation where
it would otherwise be energetically unfavorable.®
Thermal data show directly that this microphase
separation is not complete, however. In the crystal-
line phase of PEO homopolymer segments, the seg-
ments exert a maximum cohesive interaction ene-
rgy, bound together with an energy equal to the
heat of fusion, AH,, and entropy change decrease
equal to AS; in magnitude.”” We observe a consid-
erable change in both AH, and AS; as a function
of polymer composition, as shown in Table II. We
attribute the increase in both quantities with in-
creasing PEO content to changes in amorphous seg-
ment miscibilities and also changing PEQO crystallite
morphology. In this case, x, AS;, and AH, would
all decrease significantly*'? due to distrubution of
strong cohesive forces between PEQ chains by in-
creasing glassy PS content. Covalent additon of amo-
rphous PS may alter both the misciblility of inter-
facial domain regions as well as the size, form, and
distribution of PEO crystallites, contributing to the
observed shifts in 7., AH, and AS, of PEO.
DSC curves of the second-order glass transition
in PS and copolymers are shown in Figure 5. The
inflection point of this transition is taken as the
glass transition temperature (7,); its value is close
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Figure 5. Second-order glass transitions for PS (A),
PEO-PS1 (B), and PEO-PS2 (C).

to others.® Table I displays 7, for PS in the PS
homopolymer and block copolymers as a function
of composition. T, for PS decreases significantly
with decreasing PS content (increasing PEO con-
tent). This result is consistent with that found in
other PEO-PS systems.® Shifts in 7, with changing
PS content suggest that PS segment encounters
changing chemical and physical environments with
different PS and PEO compositions. A shift in 7,
to lower temperature, toward the 7, of PEO with
increasing PEQ contents, indicates that PS seg-
ments increase their mobility with a lower energy
of activation as more PEO is introduced into the co-
polymer matrix. As indicated above, this is due to
canges in PEO-PS phase mixing and increased
miscibility as a function of greater PEO content,
permitting increased mobility of PS within PEO,
or more specifically, altered thermodynamic chain-
chain interactions, permitting great chain free vol-
umes and potential for chain relaxations.”!
Use of the Fox equation

VT,=W/Tp+Wo/Tp 3

for localized compatible regions where phase mix-
ing prevails allows theoretical calculation of T, or
determination of the phase-mixed composition in
the copolymer system in phase-mixed regions. In
this equation, 7, is the predicted glass transition
temperature of the copolymer; T, and T are the
glass transitions of the constitutent block and ho-
mopolymers, respectively; W, and W, are their re-
spective weight fractions. Using —41 C and 98 C
as the T, values for pure PEO and PS, respectively,
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Figure 6. TGA curves for PEO (A), PEO-PS1 (B),
PEO-PS2 (C), and PS (D) at a heating rate of 20 T
/min.

the predicted T, for phase-mixed regions for the
two copolymers under stoichiometric mixing are 27
€ and 0 C. In the PEO-PS copolymer containing
43 wt% PEO, observed T, and T, values for PEO
(—41 C and 56 C, respectively) demonstrate that
to some extent, PEO exists in a pure form. How-
ever, an additional 7, at 35 C indicates the existence
of a phase-mixed region with PS. Calculations from
the Fox equation show this regions to be composed
of 35% PEO and 65% PS, just slightly enriched
in PS from bulk composition. The T, for PS has
also shifted to 95 C, indicating a phase-mixed re-
gion composed of 7% PEQO and 93% PS. For the
PEO-PS copolymer containing 65% PEO, the 7, for
PEO is not detected, although the T, for pure PEO
is seen at 58 C and the T, for pure PS is observed
at 89 T. A T, derived from a phase-mixed compo-
nent is present at 26 C, representing a phase mix-
ture of 41% PEO and 59% PS, a composition quite
different from that of the bulk copolymer. These
data again demonstrate the presence of both phase-
mixed and phase-separated regions within the block
copolymer system. Microdomains of pure PEO or
PS are surrounded by interfacial phase-mixed re-
gions composed of miscible PEO and PS.
Results from TGA and differential thermogravim-
etry (DTG) at a heating rate of 20 C/min are
shown in Figures 6 and 7, respectively, for both
copolymer and homopolymer samples. At this heat-
ing rate, thermal degradation of both PS and PEO
homopolymers is evidenced to occur in a single
stage. PS degrades thermallly in a single step and
the monomeric styrene (approximately 40%) is the
principal volatile product together with smaller
amounts of benzene and toluene** With regard
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Figure 7. DTG curves for PEO (A), PEO-PS1 (B),
PEO-PS2 (C), and PS (D) at a heating rate of 20 T
/min.

to the mechanism of PEO thermal degradation, Ma-
dorsky and Strauss®* have established PEO decom-
position by random scission of the chain links with-
out chain-end-initiated depolymerization. This sup-
ports the single-stage decomposition observed for
the PEO homopolymer. TGA of the copolymers in-
dicates that perhaps thermal decomposition of these
samples is also a single-stage reaction. Only by
DTG analysis do the copolyraer samples (Figures
7B and 7C) show evidence of more complex two-
stage degradation kinetics distinctly different from
the homopolymers.

From the TGA and DTG data, multiblock copoly-
mers demonstrate a thermal stability intermediate
between those observed for PEO and PS. It is antic-
ipated that degradation processes characteristic of
each constituent polymer will proceed in the appro-
priate phase. Any interactions between or coupling
of these processes would have to take place acrose
boundaries, either by direct interaction of macro-
molecules or macroradicals at the boundary with
the other polymer domain. The small shift changes
in the DTG shoulder peaks in Figures 7B and 7C
are evidence for the decomposition of PEO seg-
ments in the copolymers. These shoulders also provide
evdence of PEQ transitions in these multiblock sys-
tems. TGA was also utilized with the intention of
gaining some information about the kinetics of
these chain interactions, The activation energy for
the decomposition of homopolymers and copoly-
mers has been obtained by means of the Ozawa
integral method.” The calculated activation energy
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Table III. Activation Energies Determined by

Using Ozawa’s Method®

. Fractional ~ Global activation

Sample  Region weight loss (a) energy E, (KJ/mol)
PS Stage 1 0.20~0.95 1939+ 1.6
PEO-PS2 Stage 1 0.15~0.30 185.1+ 2.9
Stage 2 0.45~0.95 169.8+ 1.9
PEO-PS1  Stage 1 0.10~0.25 2068+ 3.1
Stage 2 0.40~0.95 197.1+ 14
PEO Stage 1 0.35~0.90 19841 45

values are summarized in Table III. Examination
of these data clearly reveals the presence of a sin-
gle stage in the thermal degradation of homopoly-
mers PS and PEQ. However, thermal degradation
in two stages for the multiblock copolymers is ob-
served. The activation energy values calculated
from the analysis of these traces are 198.4 KJ/mol
for PEO and 193.9 KJ/mol for PS. The values for
the activation energies given in the literature for
both PEQ* and PS!" agree reasonably. The activa-
tion energies obtained with the 65% PEO copoly-
mer are lower than those of pure PS and PEO ho-
mopolymers, while the 43% PEO copolymer values
are comparable to the respective activation energies
of the homopolymers.
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