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ABSTRACT: Molecular design, microstructure, and physical properties of polymers are strongly related to
each other. A better understanding of their interdependence will give the polymer chemist useful ideas for
the synthesis of new macromolecules. The present paper aims to compare the thermal behavior of aryl
polycondensates based on ether, sulfone, and ketone links. Ultimately the objective is to design a new
polymer combining, for example, the glass transition (T}) of poly(ether sulfone)s and the crystallinity of
poly(ether ether ketone)s. By the useof a new concept, the percentage of rigid chain length, it is demonstrated
that one can predict T and 7', of poly(aryl ether ketone)s and T of poly(aryl ether sulfone)s. The feasibility
of crystalline poly(aryl ether sulfone)s is also discussed on the basis of the same principle.

Introduction

Poly(aryl ether ketone)s (PEEK, PEK, etc.) and poly-
(aryl ether sulfone)s (PES, PEES, etc.) exhibit comple-
mentary properties which have often been emphasized.'
The former types of polymer are semicrystalline but their
fairly low T’s are often considered to be a limitation. The
latter types of polymer are characterized by high T’s (often
above 200 °C), but, since they fail to crystallize, their
solvent resistance is often very poor. Many attempts to
synthesize polycondensates including both types of link-
ages (ketone and sulfone) or copolymers have not led to
practical solutions. Nevertheless, joining together the best
thermal properties of both families in a unique material
isa challenge. A better understanding of the factors which
give rise to this situation is the objective of this study.

To facilitate this understanding, the glass transition
temperatures and melting points of a wide range of poly-
(aryl ether ketone)s and poly(aryl ether sulfone)s have
been examined. A group contribution principle has been
deduced from this preliminary study.

I. Glass Transition Study

A. Poly(aryl sulfone)s. It is well known that the T
of a polymer depends on both chain rigidity and polarity.
InTable I, aseries of poly(aryl ether sulfone)s is presented
which exhibit high T, due to their chain rigidity (CeHs,
CeH4~CeHy, CeH—CsH—CsH, groups) and to the presence
of polar links (SO3). The high polarity of the sulfone link,
or its large electronegativity, leads to an electron-with-
drawing effect which delocalizes the r-electrons from the
aromatic rings. The neighboring links can, therefore,
present a double-bond character as shown in Figure 1.
Such a delocalization considerably enhances the rotational
barrier around the C-S link and consequently the chain
rigidity.

Attwood et al.!3 referred to such resonance forms to
explain glass transition differences (50—60 °C) between
m- and p-poly(aryl ether sulfone)s. Only one resonance
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Figure 1. Electron-withdrawing effect in p-PES.
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Figure 2. Electron-withdrawing effect in m-PES.
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form can be written for the meta polymer (Figure 2) which
leads to a lower chain rigidity and a lower T}.

It can be deduced from the above considerations that
the polarity of sulfone links influences the glass transition
of poly(aryl ether sulfone) chains through an enhancement
of chain rigidity. Therefore, it would be attractive to find
arelationship between this one parameter and the T value.

As it is difficult to correctly evaluate the rigidness
induced by resonance around the sulfone group, it is
proposed, as a first approximation, to consider that the
two S—C links on both sides of the SO, group are fully
(100%) rigid (i.e., rotation around the links is impossible)
while the two O—C links on both sides of the ether group

© 1992 American Chemical Society
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Table I
Thermal Transitions of Synthesized Poly(aryl ether sulfone)s and Their PRCL
T (°C) Tw (°C) PRCL (%) ref
(CeH0)n 110 285 50 7
(CeH(SO2)s 350 >520, >580 100 58
(CeH(OCgH,OCsHOCsH,SO2) 180 64 9
(CeH,OCsH,OCgHS02)n 217 68 10
(CeHOCsHSO02), 223-230 76 11,12
(OCeHCeHOC¢HSO:CsHy)r 232 74 10
(OC.H,CH,SO,CH)), 265 83 12
(CeH(S0:CeH(CeHSO:CeHO)n 280-290 395 87 11,12,13
(CeH(S02CeH(CsH(CsHSO0:CeHOCsHS0:CsH,0),, 281-290 85 6,12,13
(C,,H.SO_ZC_,,H_.C_,,H_‘SozcsH.OC,H,SO,C,H‘O) 258 . 83 13
(CeH(S02CsH(CeHS02CeH(CeHS02:CeH,O0CsHS0:CcH0),, 284~289 87 13
(CeH4S0:CsHCsHCsHS0.CsH,0CeH,CeH,0), 264 383 84 6
(CsH.80,C,H,C,H,C,H,S0,C;H,0CH,0), 250 393 82 6
(CeH80:CeHCeH(CeHS02CeH0)r 311 398 89 8
(OCeH,C¢HCeHOCsH,SO,CsH,),, 251 389 79 8
(OCgH(CeH,CsH,OCsHS0;CeH,Ce¢H,SO2CeHy)n 263 408 86 6
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Figure 3. Linear relationship between PRCL and T of poly-
(ary! ether sulfone)s.

are fully nonrigid (0%) (i.e., free rotation around these
links). A percentage of rigid chain length (PRCL) of the
repeat unit can be defined as the ratio between the total
rigid length of this unit (including the phenyl length, the
biphenyl and terphenyl lengths, which are rigid by
w-conjugation, and the S—C lengths) and the full length
ofthe unit. The use of a percentagein the latter definition
somewhat counterbalances the absoluteness of the rigidity
evaluation. The practical method for calculation of PRCL
is given in the last section. The PRCL values have been
calculated and are reported for all the poly(aryl ether
sulfone)s listed in Table I. The value of the PRCL
parameter is demonstrated in Figure 3, which shows the
T¢'s taken from Table I as a function of PRCL. All the
Tg’s lie on a straight line. This simple relationship is,
therefore, very easy to use to estimate with accuracy the
T of any poly(aryl ether sulfone) (before its synthesis).
Moreover, this relationship shows that PRCL rather than
the global rigid chain length effectively governs the T; of
the polymer. Asanexample, for the polymers underlined
in Table I, (OC¢H4CeH4SO02CgH,), exhibits PRCL and T,
close to those of the polymers (CeHSO:CeHCeHCeH,-
S0:CsH,0CsH,0), and (C¢H,SO:CeH CeHSO:CeH,-
0CeHS0:C¢HO)s.

B. Poly(aryl ether ketone)s. In Table II the values
of T and T, for different poly(aryl ether ketone)s found
intheliterature are reported. Due to the analogy between
the chemical structure of poly(aryl ether sulfone)s and
poly(aryl ether ketone)s, an extension of the linear
relationship between T; and PRCL was attempted. The
ketone linkage alsoinduces an electron-withdrawing effect
leading to a chain rigidification by electron delocalization
(Figure 4). However, because of its lower electronegativity,

its efficiency will certainly be less than that of the sulfone
group.

Again, the rigidification induced by a ketone group is
difficult to quantify accurately. Therefore,the hypothesis
was made that the glass transition temperatures of the
poly(aryl ether ketone)s have to follow the same T;-PRCL
linear relationship as the poly(aryl ether sulfone)s. This
hypothesis leads to the assignment to the C-C links on
both sides of a ketone group a rigidity of 33%. On this
basis the calculations lead to the PRCL values of poly-
(ether ketone)s reported in Table II. Figure 5 shows the
linear relationship between PRCL and T for all the poly-
(aryl ether sulfone)s and poly(aryl ether ketone)s cited in
Tables I and II. The slopes coincide when 33% of the
rigidity is assigned to ketone.

C. Discussion. Itisimportanttonote the large number
of literature references in Tables I and II. All the cited
Ty’s have not necessarily been measured under the same
conditions. Scan frequency differences give rise to dis-
crepancies, and in some cases too low degrees of polym-
erization lead to T, misestimation.

Nevertheless, the new PRCL concept allows predictions
of the glass transition temperatures of aromatic polymers
containing only ether, ketone, or sulfone links in para
positions to be made clearly, easily, and with a fairly good
degree of accuracy. The calculation of PRCL is based on
the assumptions that the percentages of rigidity of ether,
ketone, and sulfone are respectively,0%,33%,and 100%.

However, the attribution of these percentages is not
purely arbitrary since they aim to take into account the
increase of the rotational energy barrier due to the
electronic delocalization which leads to increasing double-
bond character of the C-CgH, or S-C¢H, links. From a
kind of mesomeric effect, sometimes called the “bridge
effect”, the ketone unit OCsH;COCgHO and the sulfone
unit OC¢HS02:CsH,O can be compared to a carbonate
unit and a sulfate unit, respectively.?? For the carbonate
and sulfate ions, in which all the C—O and S-O links must
have the same length, it can be deduced from experimental
length measurements that the bond number must lie
between 1 and 2 (1.33 and 1.83, respectively);2223 the above
hypotheses for the rigidity percentages seem, therefore,
at least reasonable.

Of course, for each polymer, a more detailed evaluation
of each rotational energy barrier by orbital overlapping is
necessary to refine the PRCL concept. Thermal molecular
modeling can also be a good choice. A better accuracy is
expected and an extension to other links (CsHs—S, CeHy-
SO, esters, CsH4—~C(CHj), ete.) can perhaps be deduced.



6648 Macromolecules, Vol. 25, No. 24, 1992
Table I1
Thermal Transitions and Calculated PRCL of All Poly(aryl ether ketone)s Found in the Literature

Ty (°0) Tw (°C) PRCL (%) ref
(CsH(OCsH,OCsHOCeH,CO),, 129 324 54 7
(CsH, OCgH,0CeH,CO),, 141-145 335 55 7,14,17
(CeH,OCgH,OCsH,COCsH,0C¢H,CO), 148 345 56 7
(CsH,OCe¢H,(CO),, 152-155 365367 58 7,15,17
(C¢HOCsH,0CeH,COCsH,CO),, 150 365 58 7
(CeH(OCsH,COCsH,0CeHCOCsH,CO), 160 384 59 7
(CeHOCeHCOCgH(CO),, 165 384-391 60 7
(CeH,OCeH,CcHCO) 216 478 69 18
(CeH(COCeH,OCeH,CsH,0),, 167 416 64 17,18
(OCeHOCgH,COCsHCsH,COCsHY),, 192 428 64 16
(OCeHCsH,OCsH,COCsH,CsH,COCeHy) 209 469 69 16
(CeHS0:CeH,OCeH,COCeH,0),, 205 67 9

Figure 4. Electron-withdrawing effect in PEK.
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Figure 5. Linear relationship between PRCL and T; for all
poly(aryl ether sulfone)s and poly(aryl ether ketone)s reported
in Tables I and II.

However, all these improvements are beyond the scope of
the present paper.

Wunderlich?425 had a similar approach to the PRCL
concept when he defined the “bead” as the smallest section
of a molecule that can move as a unit in internal rotation.
On the basis of the hole theory of liquids he concluded
that AC, per structural bead at T should be constant. He
observed also that the stiffest chains (with the largest end-
to-end distance) have the highest energy requirement for
hole creation. Van Krevelen? used additive group con-
tributions and obtained good predictions of T; for a large
number of polymers.

II. Melting Point Study

The melting point is related to the melting enthalpy
and entropy by the relationship

T, = AH_ /AS,

where AHp, = Hpeit — Heryst and ASp = Spelt ~ Scryst With
m, melt, and cryst indices standing for melting, melt phase,
and crystalline phase, respectively. As Spey is directly
related to the rigidity of a polymer chain, it has been
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Figure 6. Linear relationship between PRCL in T, for poly-
(aryl ether ketone)s.

attempted to apply the PRCL concept to a melting
temperature study.

A. Poly(aryl ether ketone)s. The melting enthalpy
AHy, is fairly constant for the full range of poly(aryl ether
ketone)s studied due to the isomorphism of the diphenyl
ether and diphenyl ketone groups leading to a good
compaction of the crystal unit, whatever the chemical
structure;!® therefore, the melting temperature differences
arise maihly from variation in the melting entropy. This
is probably the main reason for the observed linear
relationship (Figure 6) between the melting temperature
and the PRCL for these polymers.

This is an important observation since, for poly(aryl
ether ketone)s, the PRCL value appears to govern both
T¢ and T, through linear relationships. The slope of the
straight line is, significantly, higher for T, than for T}
(Figures 5 and 6).

When sufficient data become available, the equilibrium
melting temperature instead of melting temperature may
be correlated to PRCL to avoid any crystallization
dependence of Ty, However, the accuracy already seems
good even if in some cases a low degree of polymerization
leads to a misestimation of T\, values.

B. Poly(arylether sulfone)s. While many poly(aryl
ether sulfone)s exhibit a symmetrical chain structure, it
is generally recognized that polysulfones are noncrystal-
lizable polymers. The most common explanation of that
behavior is the steric hindrance of the sulfone group and
the difference between the valence angles of the chain
links. Forinstance, the valence angle of the diphenyl ether
link is about 124°, while the valence angle of the diphenyl
sulfone link is only 105°.! Table III confirms, via selected
structures, that both steric hindrance and large valence
angle differences (>11°) are needed to hinder the crys-
tallization.
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Table III
Crystallizability Study on Polymers Containing C-S Links
T (°C) Tw (°C) steric hindrance due to SO;  valence angle difference (deg) ref
(CeH,SO2)p, 350 >580 yes 0 59
(CsH(SCsH(SO2),, 285-305 yes +0 20
(CeH,OCeH,S02), 245 yes +20 1,12,13
(CeH(OCeH(S),, 340 no +20 21
(CeHSCeH,OCsHSCgH,S02), 210-230 yes +20 20
(CeH SCeH,SCsH,SCsH,CO),, 220-230 no +20 20
380 yes +11 29
CFy CF,
=l
Table IV
PRCL,, for the Poly(aryl ether sulfone)s Listed in Table I
Tw (°C) (PRCL)ns
(CeH,OCgH,OCeH,OCH,S03), 50
(CeH,OC¢H,OCeH,S02),, 50
(CeHOCH,805), 49
(OC¢H(Ce¢H,OCsHS0:CsHy)r 60
(OCgH,CgHS0:CeHo)r 63
CeH(S0:CeHCeHSO0:CcH0) 395 56
{CeH4S0,CgH,CeHCsHSO,CeHOCeHS0,CeH 0)r 59
(CeHS02CeHCgHSOCeH,OCsH,S0,C¢H,0), 54
(CeH4S02CeHCeHS02CsHCeHS0,CeH,0CsHS0:CeH(O) 56
(CeH,S0:CeH(CsH(CeH (SO,C¢H,OCsH,CcH,0), 383 66
(CsH,S0:CeH CsH,CsH,S0,CeH,0CsH,0),, 393 61
(CeHS02C¢H,CsH(CeH,SO:CeH0),, 398 63
(0CsHCeH4CsH,OCgH,SO:CsHy), 389 67
(OCeH(CgH,CeH,0CsH,SO:CeH(CsHSO0:CeHy),, 408 67
(OCgH,COCeH,OCsH,S0:CeHo)n 49
Table V
Calculation Data
sequence length (A) % rigidity valence angle (deg)
CgH, 2.79 100
CeH—CeHy 7.08 100
CeHiCeH,~CgHs 11.37 100
C-CO-C 1.5-1.5 33 124
Cc-0-C 1.36-1.36 0 124 hoeo i st
C-80.-C 1.73-1.73 100 105

Thermodynamically, these two conditions correspond,
through a lower compaction within the crystalline unit
cell, to a lower AH,,, leading to a lowering of Tp. As
simultaneously the sulfone link strongly rigidifies the
polymer chain, the glass transition temperature is in-
creased. Therefore, the Ty, — T difference decreases and
the crystallization rate is very low. This observation is
confirmed by the crystallizability of PEES when a lowering
of T is induced by a solvent.?!

A solution to the problem of the crystallization of poly-
(aryl ether sulfone)s from the melt can be found by
increasing rigidification of the chain by a means other
than the sulfone link. This will lead to a large decrease
of the entropy of the melt without any corresponding
decrease of the enthalpy (no increase of steric hindrance
nor in valence angle difference). The melting point will
remain fairly high.

This solution has been realized by Staniland® through
the use of biphenyl and terphenyl groups, which can be
considered as rigid due to the r-conjugation. Five poly-
(aryl ether sulfone)s of that structure are presented in
Table L

It is possible to calculate PRCL,,, the contribution to
the PRCL of all the rigid groups except the sulfone link
(CsH4, CcH—~CsHy, and C¢H4~CcH—CHy), for all the
polysulfones in Table I. From Table IV it can be seen
that the lower limit of this contribution lies around 61%
in order to get a melt-crystallizable chain structure. The

Figure 7. Repeat unit of amodel poly(ether ketone-co-sulfone).

only exception is (OCsHCsH,S0:CsHy),, which requires
reexamination. That limit of61% of PRCLy, contribution
seems to constitute a necessary condition to synthesize a
crystallizable poly(aryl ether sulfone).

III. Calculation Procedure

The repeat unit is written in its extended form. Each
sequence length is then calculated from the values reported
in Table V152627 and projected onto the main axis of the
molecule, taking into account the valence angles (Table
V). The rigid length is then calculated by multiplication
of the projected length of each rigid segment by its
percentage of rigidity (see Table V). Finally, the per-
centage of rigid chain length is calculated as the ratio of
the rigid length on the full length of the repeat unit. An
example of calculation is given below for a model poly-
(ether ketone-co-sulfone) (Figure 7).

Example:
Lijgia = 3Ly, c0s 28° X 100% + Ly ¢, c08 28° X
100% + 2L X 33% X cos 28° + 4L , cos 28° X

0% + Lc_gcos 28° X 100% + Lo_g cos 47° X

100% = 3 X 2.79 X cos 28° + 7.08 X cos 28° +
2X 1.5 X33% X cos 28° + 1.73 X cos 28° +
1.73 X cos 47° = 17.2 A
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Ly = 3Lcy, cos 28° + Loy ¢, c08 28° +
2Lc_c cos 28° + 4Lc_0 cos 28° + Lc_s cos 28° +
L gcos 47° = 3 X 2.79 X cos 28° + 7.08 X

cos 28° + 2 X 1.5 X cos 28° + 4 X 1.36 X
cos 28° + 1.73 X cos 28° + 1.73 X cos 47° = 23.8 A
rigid (not from sulfone) = 3LCGH‘ cos 28° X 100% +
Le g, c,n, €08 28° X 100% + 2L¢ ¢ X 33% X
cos 28° =145 A
PRCL = L,;;;4/Lyo, = 17.2/23.8 = 72.3%

PRCLns = Lrigid (not from sulfone)/Lt.ot = 145/238 =60.9%

L

Conclusion

The percentage of rigid chain length (PRCL) was defined
astheratio between therigid length (each projected length
weighted by its attributed rigidity: 0% for ether, 33% for
ketone, and 100% for phenyl, biphenyl, terphenyl, and
sulfone) and the full projected length of the repeat unit.
The definition of this new concept leads to the glass
transition temperatures of poly(aryl ether ketone)s and
poly(aryl ether sulfone)s being univocally defined through
a very simple linear relationship. In addition to the new
perspectives it opens up for glass transition studies, this
new parameter allows melting points of poly(aryl ether
ketone)s to be predicted.

Additionally, the noncrystallizability of poly(aryl ether
sulfone)s was discussed. A major conclusion of this study
is the identification of a crystallization condition for these
polymers: they can crystallize by enhancing their chain
rigidity by a way other than introducing sulfones.

Through a slight modification (the exclusion of sulfone
links from the rigid length calculation, leading to the
percentage PRCL,,), the concept allows the lower limit of
PRCL,, to be fixed at about 61% to get poly(aryl ether
sulfone) crystallizable from the melt.

Predictions of T and T, of a series of homopolymers
by defining PRCL and PRCLy,, both concepts related to
the chain rigidity, suggest the important role of the chain
mobility during these two thermal transitions. This
observation is in keeping with the proposition that the
mobility of the polymer chain is the same in the amorphous
state and the melt phase.28
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