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Abstract The thermal degradation of a series of three
novel ABA block copolymers of different molar mass
(M,), were the block A is a poly(2,6-dimethyl-1,4-pheny-
lene oxide) (PPO), while the block B is a random
copoly(aryl ether sulfone) P(ESES-co-EES), was studied in
both inert (flowing nitrogen) and oxidative (static air)
atmospheres, to investigate the effects of M,, of the central
block on the thermal stability. Copolymers were synthe-
sized with a two step method: in the first stage, a linking
molecule is selectively attached as end group to the
P(ESES-co-EES) which reacts in the second step with the
phenolic hydroxyl group of PPO. Degradations were car-
ried out into a thermobalance, in the scanning mode, at
various heating rates, and the characteristic parameters of
thermal stability, namely initial decomposition temperature
(T;) and the activation energy (E,) of degradation, of the
various copolymers were determined. Both 7; and degra-
dation E, values increased exponentially as a function
of M, of copolymers. The results were discussed and
interpreted.
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Introduction

Phase-segregated polymers exhibit unique chemical and
physical properties that can be useful in various applica-
tions. This feature is attributable, in part, to the distinct
phases that can be optimized to obtain superior multi-
function materials having at the same time some desired
properties such as mechanical strength and permeation
behavior. Sulfonated block copolymers are an example of
phase-segregated polymers especially attractive because of
their potential use as proton- exchange membranes (PEMs)
for hydrogen and methanol fuel cells, which is considered a
key technology for future clean energy production and
conversion systems for mobile as well as stationary
applications. The advantages of fuel cells if compared with
conventional energy conversion systems, like, for instance,
the combustion of fossil fuels, are their high efficiency and
the production of “green energy”.

It is well-known that these systems need proton-
exchange membranes (PEM)s, but, substantially, at this
moment, the only available membranes for this purpose are
based on perfluorosulfonic acid polymers, whose high cost
and the dramatic drop in proton conductivity above 80 °C
are limiting factors to their use [1]. As a consequence an
increasing demand for low cost high performance poly-
meric materials suitable for the production of (PEM)s is the
driving force of research in this field. Sulfonated di-block
(AB) and tri-block (ABA) copolymers have been widely
studied in the past. These include sulfonated polyether
ether ketone [2, 3], sulfonated poly(phenylene oxide) [4],
sulfonated polyphosphazene [5], sulfonated polybenzomi-
dazole [6], and a variety of styrene-based block copolymers
[7, 8].

Recently, some papers have been reported on the use of
block copolymer for toughening thermosets [9, 10]. The
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use of block copolymers can offer several advantages such
as fine tailoring of the morphology leading to nanostruc-
tured thermosets [11, 12] or unique properties compared to
the simple mix of thermoset with two thermoplastics [13].
In both applications, as production of PEMS or as tough-
ening agent, excellent thermal stability at elevated tem-
peratures is requested and thermogravimetric analysis (TG)
offers a simple and effective method for characterizing the
degradation behavior of these polymer systems.

In recent years our group has been engaged in the syn-
thesis and characterization of new polymers, which could
be used for manufacturing membranes [14, 15] and/or
toughening agents for epoxy-resins [15-18]. Regarding this
last application our research was focused on the effect of
molar masses and end groups of the copolymer [19], of the
modifier concentration [20], of the nature of epoxy-resin
[21, 22] and of the curing agent [23] on the properties of
the epoxy/copolymer blends. On continuing this research
we investigated, in this study, some novel ABA block
copolymers, were the block A is a poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO) while the polymers block B are
some random amino ended copoly(aryl ether sulfone)s
P(ESES-co-EES)s of different molecular masses (M,).
Since in the past, we observed that the absence of phase
separation for the system based on diglycidyl ether of
bisphenol A (DGEBA) cured by 3,3’-diaminodiphenylsul-
fone (DDS) for different percentages of copolymer leading
to a relatively low toughness [23], we selected ABA block
copolymers aiming to tailor the phase separation for the
DGEBA/DDS system and to improve both toughness and
thermal properties of the blends. The aim of this study was
to obtain information about the comprehensive thermal
stability of copolymers, to check their suitability for the use
as toughening agents for epoxy-resins as well as for man-
ufacturing membranes. To this purpose, the characteristic
parameters associated with the thermal stability (initial
decomposition temperature and apparent activation
energy of degradation values) [24-26] of our ABA block
copolymers were determined and compared with each
other to verify if and how much thermal stability is affected
by the molar mass of P(ESES-co-EES)s. Thermal and
thermoxidative degradations were studied by thermo-
gravimetric (TG) and differential thermogravimetric
(DTG) analysis.

Experimental
Materials
PPO SA 120, which presents a bimodal mass distribution with

a polydispersity index of about 7 and M, =~ 2,000 g mol™ ",
was kindly supplied by GE Plastics (The Netherlands). The

@ Springer

Table 1 Molar composition, average numeric molar mass, intrinsic
viscosity (#iny) of the various block copolymers investigated

Copolymer ~ ESES-co-EES/PPO M, /g mol ™" Hine/dL g7
molar composition
41/59 5,000 0.20
42/58 11,400 0.31

3 42/58 16,700 0.39

amino ended copoly(aryl ether sulfone)s P(ESES-co-EES)
were synthesized according to Ref. [27]. The detailed pro-
cedure of synthesis of the studied block copolymer are
extensively reported elsewhere [28]. The average numeric
molecular masses and the ESES-co-EES/PPO copolymer
molar composition were checked by 'H NMR and were
reported in Table 1 together with intrinsic viscosity.

'H NMR spectroscopy

'"H NMR spectra were recorded by A Varian Unity Inova
instrument ('H 500 MHz), using d¢-dimethyl sulfoxide
(d-DMSO) or d,-tetrachloroethane (d,-TCE) as solvent
and tetramethylsilane TMS, at a concentration of
30 mg mLfl, as internal standard.

Viscosity measurements

Intrinsic viscosities were measured with an Ubbelohde
suspended-level viscosimeter, using solutions of polymers
in dimethylformamide (DMF) at 25 £ 0.1 °C.

Thermogravimetric analysis

Thermal degradations were carried out in a Shimadzu
DTG-60. The calibrations of temperature and mass were
performed following the procedure reported in the instruc-
tion manual of equipment [29] using as standard materials:
indium (NIST SRM 2232), tin (NIST SRM 2220), and zinc
(NIST SRM 2221a) for temperature and a set of exactly
weighed samples supplied by Shimadzu for mass. All cali-
brations of equipment were repeated every two weeks.
Degradations were carried out under flowing nitrogen
(0.02 L min~") and in a static air atmosphere, in dynamic
heating conditions, in the temperature range 35-700 °C, at
various selected heating rates (¢ = 2, 5, 7.5, 10, 12.5, 15,
17.5, and 20 °C min_l). Samples of about 6.0 x 1073 g
were used for degradations, and their masses as a function
of temperature were monitored and recorded by a PC
connected with the DTG-60 apparatus. At the end of each
run the experimental data were used to plot the percentage
of undegraded copolymer (1 — D) % as a function of
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temperature, where D = (W, — W)/W,, and W, and
W were the masses of sample at the starting point and
during scanning.

Results and discussion

The '"H NMR spectra of the 1-3 compounds were first
recorded and the molar composition of ESES-co-EES/PPO
copolymer as well as the average numeric molar mass of
both P(ESES-co-EES)s and PPO were determined and
reported in Table 1.

Intrinsic viscosity (#jn) determinations on studied
compounds were thus performed. The #;,, values obtained
increase linearly as a function of copolymer average molar
masses, and are reported in Table 1 too.

In order to evaluate a possible dependence of various
ABA block copolymers thermal stability on P(ESES-co-
EES)s average molar mass, we carried out a comparative
study on the thermal and thermo-oxidative degradation of
these compounds.

The initial decomposition temperature (7;) is often
considered the only parameter to evaluate the thermal
stability of polymers, but, in our opinion, it is not strictly
correct. The T; value of a polymer must be considered
a measure of its resistance to degradation when heated
[30-32], but to evaluate its thermal stability it is necessary
to take into account also the degradation rate, in particular

if we compare compounds with initial decomposition
temperatures which are quite close with each other. In this
case, the polymer with higher activation energy of degra-
dation might be considered more thermally stable [33].

Two parameters were thus here determined for each
compound: the initial temperature of decomposition,
obtained by the degradation TG curves as the intersection
between the starting mass line and the maximum gradient
tangent to the curve, and the apparent activation energy
(E,) of degradation, which is correlated with the kinetics of
process.

The degradations of the various copolymers were first
carried out in the flowing nitrogen, at various heating rates,
in the 2-20 °C min~' range. All studied compounds
degraded up to complete mass loss, in temperature intervals
ranging, in every case, from 440 to 670 °C about. Since the
experimental conditions, and the scanning rate in particu-
lar, largely affect both the shape and the position of TG
curves, the T; values of each sample at the various scanning
rates used were different with each other, though the values
of various samples at the same heating rate showed the
same trend in every case. For the sake of simplicity only
the 7; values at a single scanning rate, namely at
10 °C min~" (selected because it is a medium rate among
those we employed for degradation experiments), were
considered. The TG curves at 10 °C min~" of the studied
compounds are shown in Fig. 1, while the T; values are
listed in Table 2.
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Table 2 Initial decomposition temperatures (7;) and apparent acti-
vation energies (E,) of degradation for the various block copolymers
in static air atmosphere and in flowing nitrogen

Sample Air static atmosphere Flowing nitrogen
T./°C? E,/kJ mol™! T,/°C? E,/kJ mol™!

1 444 160 (£3) 447 161 (£7)

2 446 175 (£6) 450 184 (£9)

3 479 245 (£6) 495 249 (£12)

* Determined at 10 °C min ™'

Analogous degradation experiments were then carried
out in a static air atmosphere. Also in oxidative environ-
ment all studied compounds degraded up to complete mass
loss, in the same temperature ranges (440-670 °C about)
than under nitrogen. The T} values obtained at 10 °C min "
are reported in Table 2, and the corresponding TG curves

apparent reaction order, R is the universal gas constant, A is
the pre-exponential factor and W/, is the mass of sample at the
maximum rate of mass loss. The T,, values of all studied
compounds in both inert and oxidative atmospheres are listed
in Tables 3 and 4, respectively. From the least-square treat-
ment of the data in Tables 3 and 4, performed according to the
Eq. (1), single linear In (&/ 72) versus 1/T,, relationships were
obtained for all samples in both studied environments. Thus,
the E, value could be obtained through the linear dependence
of In (®/T%) on 1/T,, at various heating rates. The corre-
sponding regression coefficients and the calculated E, values
are reported in Tables 5 and 6 for nitrogen and air,
respectively.

Table 3 Temperatures at maximum rate of mass loss (7),) for the
first degradation stage of various block copolymers in flowing nitro-
gen, at the various used heating rates (&)

are presented in Fig. 2. &/°C min™" 1 2 3
The degradation E, values of various copolymers, in Tw/K T./K Tw/K
both flowing nitrogen and static air atmosphere, were thus ) 703 11 368
determined using the data from DTG degradation curves at 5 720 73 384
the various heating I‘E'ltGS.. The classical Kissinger methqd 75 732 738 295
[34], widely reported in literature [35-37], was used to this 10 10 743 904
aim, which is based on the following linear equation: 125 749 250 011
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. . . . 17.5 756 760 920
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Table 4 Temperatures at maximum rate of mass loss (7},) for the
degradation stage of the various block copolymers in static air
atmosphere, at the various used heating rates (®)

@/°C min~! 1 2 3
T./K T./K T,./K

2 703 711 870
5 727 730 891
75 736 739 902
10 744 745 908
125 750 753 915
15 757 758 922
17.5 759 763 926
20 762 765 928

Table 5 Regression coefficients and apparent activation energies
(E,) of degradation by the Kissinger equation for the various block
copolymers in flowing nitrogen

Sample bx1073K> ¢ E,/kJ mol™!
1 153 (£1.1) 194 (£0.8) 0.9949 161 (£7)
2 18.7 (£1.5)  22.1 (£1.1) 0.9927 184 (+9)
3 219 (£1.5)  30.0 (+1.4) 0.9939 249 (£12)

* ¢ = In (nNRAW"YVE,)
®p=E/R

¢ Product moment correlation coefficient

Table 6 Regression coefficients and apparent activation energies
(E,) of degradation by the Kissinger equation for the various block
copolymers in static air atmosphere

Sample  a® bx1073K> ¢ E,/kJ mol™"
1 14.9 (£0.5)  19.2 (£0.4) 0.9988 160 (£3)
2 174 (£0.9)  21.1 (£0.7) 0.9971 175 (£6)
3 21.1 (£0.8)  29.5 (+0.7) 0.9983 245 (+6)

* g = In (NRAWYYE,)
®p=E/R

¢ Product moment correlation coefficient

A preliminary observation on the results obtained: even
though all copolymers degraded up to complete mass loss,
at all used heating rates, the TG and DTG curves of
compounds 1 and 2 in flowing nitrogen were different than
those of compound 3. The TG and DTG curves of com-
pounds 1 and 2, showed a first broad stage probably due to
the degradation of P(ESES-co-EES)s block [17], followed
by another one in the last piece of curve, attributable to the
degradation of PPO blocks (Fig. 1). By contrast, the
copolymer having higher molar mass (sample 3) com-
pletely degraded in a single stage. This behavior can be
attributed to higher decomposition temperature of P(ESES-
co-EES)s block due to its higher molar mass, thus giving
rise to the overlap with the degradations of A and B blocks
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Fig. 3 DTG curves under nitrogen flow of copolymers 3

as evidenced by the shoulder in the DTG curves of sample
3 (Fig. 3).

The degradations TG and DTG curves of studied com-
pounds in oxidative atmosphere exhibited the same
behavior observed in inert environment, thus suggesting
that the presence of oxygen does not affect the degradation
mechanism.

Some considerations are possible on the basis of the data
in Table 2, where T; values of the studied copolymers, in
both atmospheres, together with the corresponding degra-
dation E, values are reported:

the resistance to the thermal degradation of block
copolymers here investigated is largely affected by the
average molar mass. In particular compound 3, in
which the P(ESES-co-EES)s block having the highest
M, (16,700 g mol ") is present, appears the most heat
resistant, showing a high increment of initial decom-
position temperature values (48 °C under nitrogen and
35 °C in static air atmosphere) in respect to the
copolymer having the central block of lower M,
(5,000 g mol ™).

— also the degradation activation energy of copolymer 3,
in both studied environments, is higher than those of 1
and 2 samples, thus meaning lower degradation rate
and then better thermal stability from the kinetic
viewpoint;

— both initial decomposition temperature (Fig. 4) and
apparent activation energy of degradation (Fig. 5) show
a very good exponential increase on increasing the
average molar mass of P(ESES-co-EES)s block thus
indicating a strong dependence of ABA copolymers
thermal behavior on the average molar mass of the
central block.

This behavior can be explained with higher percentage
of double-bond character due to the increasing number of
sulfone groups in copolymer chain, and then with the
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higher dissociation energy requested for the cleavage of
chain links. This result is in agreement with some literature
data [38] and with the results of our previous works con-
cerning some polyetherketones and polyethersulfones, in
which we found an increase of degradation E, values as a
function of glass transition temperature 7, [39, 40], owing
to it is well-known that glass transition temperature of
polymers increases on increasing average molar mass.

Conclusions
The results obtained indicate a strict correlation between the
thermal stability of block copolymers here studied and the

average numeric molar mass of the central P(ESES-co-
EES)s block, not only for the starting point of decomposition

@ Springer

but also from the point of view of the degradation kinetics.
The better thermal stability of the copolymer 3 in comparison
with those of lower average molar mass 2 and 1 copolymers
can be attributed to the increase of the number of sulfone
groups in copolymer chain which give rise to an increase in
percentage of double-bond character of chain bonds. Finally,
the high values of initial decomposition temperature and
apparent activation energy of degradation found for the ABA
block copolymers are encouraging and allow us to plan the
use of this compounds as toughening agents of epoxy-resins
employed as matrices for advanced composites and as
polymeric materials suitable for the production of (PEM)s.
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