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Synthesis and sulfonation of poly(phenylene
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Methylated polyarylethersulfones have been prepared by conventional reactions of 4-chlorophenyl sulfone
with methylhydroquinone, 2,3- dimethylhydroquinone trimethylhydroquinone, durohydroquinone and
mixtures of hydroquinone w1th durohydroquinone, in the presence of potassium carbonate. Polymer
compositions were checked by 'H n.m.r. spectroscopy. The effects of steric hindrance on the reactions are
considered and glass transition temperatures for the polymers recorded. Several of the copolymers were
sulfonated by dissolving them in sulfuric acid and the products analysed by 'H n.m.r. after conversion to
their tetramethylammonium salts. The bis-phenol residues in the homopolymers prepared using
methylhydroquinone or its dimethyl analogue were monosulfonated completely, but with the homopolymer
from trimethylhydroquinone this sulfonation was not complete and it appears that sulfonation of phenylene
ether sulfone residues may also occur. Monosulfonation of copolymers prepared using mixtures of
hydroquinone and durohydroquinone occurred as expected at the hydroquinone residues, but again some
sulfonation of phenylene ether sulfone residues occurs and there may be other complications. Copyright ©
1996 Elsevier Science Ltd.

(Keywords: poly(ether ether sulfone)s; methyl substituted; sulfonation)

INTRODUCTION
The poly(phenylene ether ether sulfone) PEES structure

b o Cysoro:
+

I, has been known for many years' and samples of high b

molecular weight may be obtained from 4-chloro?henyl n OH g;iou —_— I +2 nKCl+nCO,+nH,0
sulfone and hydroquinone by reactions such as (1)~ when G R,

R,q are H. This paper reports the synthesis of four +

methylated analogues of I, structures I,-Ip, via N K,CO, (1)

reaction (1) using the corresponding methylated hydro-
quinones in place of hydroquinone. It was not possible
to obtain homopolymers of Ip, Me4PEES, high
enough in molecular weight to give coherent films, so a
series of PEES:Me4PEES copolymers, I with I, was
prepared using mixtures of hydroquinone and its
tetramethyl derivative, durohydroquinone, in reaction (1).

PEES, is I with R, 4y = H; Me PEES, 1,4, is I with
R, = Me and R,y = H; Me,PEES, I is I with R, , =
Me and R, 4 = H; Me;PEES, I isIwith R, . = Me and
Ry = H; Me,PEES, I, is I with R,_y = Me.

A hlgh molecular Welght sample of the tetramethy-
lated homopolymer II® was also obtained via reaction (1)
using the corresponding bis-phenol in place of the
hydroquinones.

A United States patent and a previous paper> have
described the use of sulfuric acid as both solvent
and reagent for the selective sulfonation of PEES/
PES (I/III) copolymers, reaction (2). In this reaction the

O

PEES repeat units, I, are monosulfonated to IV, but
the poly(phenylene ether sulfone) units, III remain
unchanged, so that the extent of sulfonation is deter-
mined by the proportion of PEES units in the copolymer.
The present paper examines the application of this
sulfonation procedure to all of the homo-polymers of
high molecular weight described above except IT and to
two of the copolymers.

—60%}@%}—@-3%—@-):
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The glass transition temperatures of some of these
polymers are recorded in this paper.
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EXPERIMENTAL
General

Solvents and reagents used were top grade materials
obtained from commercial sources.

Reduced viscosities (RVs) were measured for 1%
solutions at 25°C using Ostwald viscometers.

Measurements of 7, were made using the d.s.c.
technique, heating the samples at 16°Cmin ™.

N.m.r. spectra were recorded on a Jeol 100 MHz
spectrometer using deuterated methyl sulfoxide, deuter-
ated chloroform, or trifluoromethanesulfonic (“Triflic’)
acid as solvent at 30-50°C.

Bis-phenols

Hydroquinone and methylhydroquinone were Aldrich
Gold Label materials. Trimethylhydroquinone was
Aldrich 97% material recrystallized from ethanol; m.p.
172-174°C (1it.* 169°C).

1,4-Dihydroxy-2,3-dimethylbenzene was obtained by
reducing 2,3-dimethylquinone’ with SnCl,/HCl using a
procedure analogous to one described previously®; it had
m.p. 223-225°C after recrystallization from ethanol (lit.”
223-224°C).

1,4-Dihydroxytetramethylbenzene (durohydroquinone)
was prepared by reducing duroquinone® with SnCl,/
HCI as described above; recrystallized from ethanol it
sintered at 226°C melting at 233°C (lit.'” sinters at
~ 220°C, m.p. 233°C).

4.4'-Dihydroxy-3,3',5,5 -tetramethyldiphenyl was pre-
pared by reducing the corresponding quinone'' with
SnCl,/HCl as described above; after recrystallization from
ethanol this bis-phenol had m.p. 225°C (lit.'* 223-226°C).

Polymerizations

Those were carried out by a modification of the
procedure described previously?, as follows. The
reagents and the solvents were charged to a reaction
flask fitted with a Y tube, internal thermometer, stirrer, a
nitogen sparge tube, a Dean and Stark trap and a
condenser. The reagents were 4-chlorophenyl sulfone
(0.1200 mol, polymerization grade provided by ICI), the
bis-phenol  (0.1200mol) and anhydrous K,CO;
(0.15mol, A.C.S. reagent, finely ground and dried
overnight at 220°C). The solvents were Sulfolane,
100 ml (Aldrich 99% tetramethylene sulfone, dried over
molecular sieve and then distilled twice from NaOH
through a Vigreux column under nitrogen at 0.6 mm;
freezing point 28.47°C; lit.* 28.37°C) and toluene, 75 ml
(dried over sodium wire). Nitrogen was passed through
the stirred reaction mixture for 1 h. Then, the mixture
was heated to reflux with the internal temperature at
about 135°C while a small quantity of water (~0.3 ml)
collected in the trap. Toluene was distilled out until the
temperature reached 210°C while ~2 ml water collected
during ~30min. The dehydrated mixture was heated to
200-230°C for several hours (see Table 5) to effect
polymerization. Then, the viscous mixture was cooled to
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~110°C and methyl chloride passed in through the
sparge tube to terminate polymerization. The hot product
was poured into demineralized water to precipitate the
polymer as a lace. This was filtered off, chopped into fine
granules and boiled with water, then with ethanol, to
remove KCl and solvents. After drying under vacuum
the yield of polymer was virtually quantitative.

Sulfonation of the polymers

Two general procedures were used, a small scale one to
investigate these reactions and one on a larger scale to
prepare samples for evaluation as separation membranes.

In the small scale procedure 200—300 mg polymer was
placed in a small sample tube and 2—3 ml Analar sulfuric
acid added. The tube was stoppered and then let stand
with occasional shaking. Most of the polymers were
dissolved completely. The solution was poured into
water (demineralized water was used for this and all
subsequent wet operations), 400 mi, and let stand for 2 h.
The precipitated polymer was filtered off, washed three
times on the filter and then suspended in water for 2 days.
After washing, the polymer was filtered off and
suspended in aqueous tetramethylammonium hydroxide,
Me,NOH, for 2 days to neutralize sulfonated material.
The neutralized polymer was filtered off, washed on the
filter and then excess alkali removed by standing in water
for 6 h followed by filtration etc. 2 x and then by standing
in water for 2 days. The final product, 1-200 mg, was
dried overnight at a final temperature of 125°C in a good
vacuum.

In the preparative procedure, polymer (10g) was
stirred with 98% sulfuric acid (100 ml) for 3-4h and
the viscous solution obtained poured into 1.51 of
demineralized water. The solid so obtained was filtered
off, washed on the filter until the washings were neutral
to litmus paper and then chopped to a powder. This
powder was steeped in water overnight, then filtered off
and washed on the filter. It was neutralized with LiOH,
NaOH or KOH by stirring the polymer, 50 g, with an
aqueous solution of the base (a large excess, 30g in
600 ml water, was used) overnight and then heating the
polymer suspension to 70°C, maintaining this tempera-
ture for ~12h. The final product was filtered off, washed
many times and dried under vacuum at 70°C.

Analysis of the polymers by integration of their n.m.r.
spectra

Polymers I,_c gave 'H n.m.r. (100 MHz) spectra
similar to those recorded’® for polymer I (at 200 MHz
using deuterated methyl sulfoxide as solvent at 80°C),
showing two sets of resonances in the aromatic region
characteristic of hydrogens ortho to sulfone, H, in
structure V, (6 ~ 7.9ppm) and ortho to ether, H, and
H, in structures V and VI (6 ~ 6.8-7.3 ppm); see for
example the spectra for Iy in Figure 1. These methylated
polymers also gave a strong resonance (6 ~ 2.1 ppm)

Hb Ha
= Me
v —O%oz' Vi -0'\'2;20" and/or H_
c
Hc
il -0-¢ $-0— viil
c c
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H
(a) Me
Hb+c
Ha
CHC!
! 1 I 1 2
7.9 6.9 2.1 0.0
ppm
b
(b) Hy,
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W
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8.0 7.0 3125241 0.0
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Figure 1 'H n.m.r. spectra for Me,PEES; (a) in deuterated chloro-
form, (b) in deuterated methyl sulfoxide

characteristic of hydrogens, Hy.., in methyl groups
attached to aromatic rings as in structure VI. The
chemical shifts quoted above are for solutions of
polymer in deuterated chloroform at 30°C; change of
solvent to deuterated methyl sulfoxide caused slight
(0.1-0.2 ppm) changes in 6. Integration of these spectra
was carried out using the intensity of the resonance of
all protons in the aromatic region, H,, (§ ~ 6.5—
8.2ppm), omitting any resonance due to CHCl,
(6 ~ 7.3 ppm) when the solvent was deuterated chloro-
form, as the basis for the integration. Thus, integration

Table 1 Integration of the spectrum (Figure la) for Me,PEES, Iy

Resonance
step heights
(mm) Number of hydrogens present”

Hydrogens 1 2 Found (average) Calculated
Ha, 98 97 10.00
H, 40 40 4.10 4.00
Hy . 58 57 5.90 6.00
Hye 62 59 6.21 6.00

*The calculations assume that the number of aromatic hydrogens
present, Hy,, measured directly as the step height for the integral from
6~ 6.5 to 8.2ppm (omitting that at ~7.3ppm due to deuterated
chloroform) is 10.00

of the spectrum for Iy gave the figures for the step
heights listed in Table 1, and as can be seen from these
data this technique provides values for the number of
specific hydrogens in the polymer which are in reasonable
agreement with those expected from the polymer’s
structure. Analytical data for all of the high molecular
weight homopolymers except II are given in Table 2 and
spectra for Me,PEES in deuterochloroform and in
deuterated methyl sulfoxide are shown in Figure 1.

PEES:Me,PEES, LI, copolymers gave spectra simi-
lar to those obtained for the homopolymers I_c,
showing two sets of resonances in the aromatic region
characteristic of hydrogens ortho to sulfone, H, in
structure V (6 ~ 7.9 ppm) and ortho to ether, H, and
H, in structures V and VII (6 ~ 6.8~7.3 ppm); see for
example the spectrum for the 70:30 L:I copolymer, using
CDCl; as solvent, in Figure 2. These spectra also show a
single resonance (6 ~ 2.0 ppm) characteristic of hydro-
gens in methyl groups attached to aromatic rings which
was assigned to the methyl hydrogens in structure VIIL
Integration of the spectra gave a measure of Hy,, relative
to H,, from which the proportion of I, in the copolymer
was calculated. The values obtained from the Hyy:Hy,
ratios (Table 3) were in agreement with those expected
from the proportion of durohydroquinone in the
monomer mixtures employed in the polymerizations.
Usually, the accuracy of these measurements was less
than that found for the aromatic hydrogens, probably
because traces of solvents, e.g. Sulfolane in the spectrum
for the 70:30 copolymer (see Figure 2a), give signals close
to that for Hy.. Traces of water were present in samples
presented for analysis dissolved in deuterated methyl
sulfoxide and this caused problems if the signal for the
water hydrogens (6 ~ 3.5 ppm) was too large. The signal
for hydrogens present in the (incompletely) deuterated
methyl sulfoxide (6 ~ 2.5 Ppm”) also caused inaccuracy
when dilute (< 50 mgml™") polymer solutions were used.
The resonance peaks for these impurities can be seen in
the spectrum for the 50:50 PEES:Me,PEES copolymer
shown in Figure 2b. A spectrum for the 20:80 PEES:
Mey4PEES using trifluoromethanesulfonic acid as solvent
is shown in Figure 3a.

Sulfonation then neutralization of the polymers gave
products with spectra showing features in both the
aromatic and the aliphatic regions that could be used to
determine the extent to which the polymers had been
sulfonated. As reported previously’, the spectra of
sulfonated PEES:PES copoiymers show a singlet,
6 = 7.7 ppm (using deuterated methyl sulfoxide at 80°C
as solvent), in the aromatic region which was assigned to
hydrogens, Hy, ortho to the sulfonate groups in structure
IX. This singlet (6 ~ 7.5 ppm using deuterated methyl
sulfoxide as solvent at 30°C) appears in the spectra of the
sulfonated polymers and copolymers described above

” _o_ﬁo— X -o'igo_
q S0,0°M* L S0,0'M*
e
X1 -0- O~ Xi -o- o—
g S0,0M* e SO0 M

M = Li, Na, K or NMe,
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Table 2 N.m.r. analysis of the homopolymers 14, Iy and I¢

Number of hydrogens present”

Calculated

Homopolymer Hydrogens Solvent Found (average)

Ia H, CDCl; 3.86 4.00
Hp, . 6.92 7.00
Hye 3.34 3.00

Iy H, CDCl, 4.10 4.00
Hy . 5.90 6.00
Hpe 6.21 6.00

Ic H, CD;SO CD; 4.03 4.00
Hy . 4.92 5.00
Hye 8.94 9.00

“ The calculations assume that the number of aromatic hydrogens present, H,,, measured directly as the step height for the integrals from é = 6.5 to
8.2 ppm (omitting that at ~ 7.3 ppm due to deuterated chloroform) is 11.00, 10.00 and 9.00 for polymers I, Iz and I, respectively

and is assigned to hydrogens Hy in structures IX, X and
XI. It is (even at 100 MHz) resolved well from the signals
due to the other aromatic hydrogens (see spectra in
Figures 3b, 4 and 5b). Integration of the spectra provides
a measure of these hydrogens relative to that of all the
aromatic hydrogens, H,,, with chemical shifts between
6.5 and 8.2ppm and the Hy:H,, ratio is used here to
measure the extent of sulfonation. It has been shown'’
that, following sulfonation of UDEL polysulfone,
neutralization of the sulfonic acid with NMe,OH,
followed by measurement of the concentration of
quaternary ammonium hydrogens, Hyen, by n.m.r.
provides a useful means for measuring the extent of
sulfonation. This method has aiso been used here and
found to be effective, especially for sulfonated samples of
I where Hy is not present in the completely sulfonated
ring, structure XII, and it would be difficult to estimate

Table 3 N.m.r. analysis for PEES:Me,PEES (I:I,) copolymers

small concentrations of di-oxyphenylene rings, VI
(R=Me) in partially sulfonated samples. The large
peaks for the 12Hpn hydrogens (6 ~ 3.1ppm) are
resolved well from the Hy, hydrogens, but overlap of
side bands with peaks due to water and to deuterated
methyl sulfoxide can cause difficulties when working at
100 MHz (see spectra in Figures 3b and 4). The variation
between individual measurements for the numbers of Hy
and Hyn hydrogens in suifonated samples of I, Iy and a
60:40 PEES:Me,PEES, I:Ip, copolymer corresponded to
a difference of £1mm in peak height, as might be
expected, but whereas the average values for Hy were close
to those calculated for 100% sulfonation to structures IX,
X and XI, those for Hy.n were up to 15% below the
calculated values, probably due to difficulties in resolving
the Hyn peak from those due to water (see data in
Table 4).

Number of hydrogens present’

Mol% I, in
copolymer” Hydrogens Solvent Found (average) Calculated
20 H, CDCl, 4.08 4.00
Hy o 7.11 7.08
Hye 2.55 2.40
30 H, CDCl; 4.01 4.00
Hy .. 6.79 6.80
Hye 3.33 3.60
40 H, CD;SOCD; 4.20 4.00
Hy .. 6.14 6.40
Hye 5.06 4.80
50 H, CD;S0CD;, 4.02 4.00
Hy o 5.91 6.00
Hy, 5.95 6.00
80 H, CF;SO,0H 392 4.00
Hy .. 4.89 4.80
Hye 9.81 9.60

“ As expected from the proportion of durohydroquinone in the mixture of bis-phenols used in the synthesis
® The calculations are based on a value for the total number of aromatic hydrogens, Hy,, present (measured directly as the step height on the integral
trace) which assumes that all of the monomers employed are quantitatively incorporated in the polymers. This is reasonable because most of the

polymers were of high molecular weight.

1738 POLYMER Volume 37 Number 9 1996



Synthesis and sulfonation of poly(phenylene ether ether sulfone)s: A. Al-Omran and J. B. Rose

Hb+c
(a)
Ha HMe
JM Sulfolane
- i3 i L
79 1.1 2.0 0.0
ppm
(b)
H,O Hye
Hb+c
Ha
lm/] dmso
1 1 . ) ) 1
8.0 7.2 3125 2.0 0.0
ppm
Figure 2 '"H nm.r. spectra; (a) for the 70:30 PEES:Me,PEES

copolymer in deuterated chloroform, (b) for the 50:50 PEES:Me,PEES
copolymer in deuterated methyl sulfoxide

RESULTS AND DISCUSSION
Polymerizations

Homopolymers with structures I, I, I, Ic and II high
enough in molecular weight to give coherent, tough films
(RV in dimethyl formamide > 0.4 or > 0.8 using sulfuric
acid as solvent) were obtained consistently by the
procedure described in the Experimental. High molecu-
lar weight Me,PEES, I, homopolymers could not be
obtained and it became increasingly more difficult to
obtain PEES:Me,PEES, I-1Ip, copolymers of adequate
molecular weight via reaction (3) as the proportion of
durohydroquinone in the mixture of monomers was
increased (see Table 5). There is some scatter in the data
listed in Table 5, but the trend is clear and in this work
useful copolymers containing more than 60mol% of
durohydroqumone residues could not be obtained.
Analysis by '"H n.m.r. (see Table 3) confirmed that all
of the durohydroquinone present in the monomer

c |—©-soz-©-c i
+

n(1 -x) OH OH
Oy

¥
nx OH-— OH

+
nK,CO4

) + 2nKCl+ nCO,; + nH,O

3

(a) Hy

Hb+c

Hb+c HMCN HMe

dmso

y

1 s .
3.12.52.0 0.0

L

L1
7.97.47.1

ppm

Figuore 3 'H n.m.r. spectra; (a) for the 20:80 PEES:Me,PEES
copolymer in trifluoromethanesulfonic acid, (b) for the tetramethyl
ammonium salt of sulfonated MePEES in deuterated methyl sulfoxide

mixtures employed appeared in the copolymers, but the
distribution of these units along the polymer chains was
not determined.

It is known that the formation of ether linkages in this
type of reaction is a bimolecular nucleophilic substitu-
tion process'® in which the rate determining step is the
formation of an intermediate complex by attack of
phenoxide at the carbon-chlorine bond!” and as such
would be subject to steric hindrance. Hindrance due to
the methyl groups in the tetramethylphenoxides derived
from durohydroquinone and its residues on chain ends
inhibits their attack on the carbon-halogen bonds,
reducing the reactivity of these phenoxides relative to
those from hydroquinone and making the formation of
high polymers of structure I, more difficult. Presumably
this steric effect outweighs the methyl group’s electronic
effects, which would increase the reactivity of the
phenoxides by donating electrons to the ring. The overall
result of these effects is known'? to reduce the reactivity
of phenoxides derived from the tetramethyl bis-phenol
employed to prepare polymer II via reactions such as (4),
but it does not prevent the achlevement of high
molecular weights. Farnham er al. report® synthesis of
II with RV = 0.87 from 4-chlorophenyl sulfone and the
bis-phenoxide and we had no difficulty in obtaining
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Table 4 N.m.r. analysis of sulfonated polymers” (see spectra in Figures 3b and 4)

Found. (1)

Number of hydrogens presenth

2 (3)

Polymer Hydrogens Average Calculated
Me PEES, I, H, 4.18 4.03 372 3.98 4.00
Hy 0.89 1.12 1.03 1.01 1.00
Hyp .o 4.81 4.78 5.00 4.86 5.00
Hypen 10.25 10.45 10.64 10.45 12.00
Hue 2.78 2.84 295 2.86 3.00
Me, PEES, Iy H, 3.95 3.96 3.98 3.96 4.00
Hy 0.95 0.96 0.94 0.95 1.00
Hp o 4.09 3.96 3.98 4.01 4.00
Hyen 11.32 10.80 10.67 10.93 12.00
Hpe 6.27 — 5.96 6.12 6.00
40:60 Me,PEES:PEES, I5:1, copolymer H, 3.88 3.89 4.04 3.96 4.00
Hy 0.61 0.58 0.60 0.60 0.60
Hy .o 5.17 5.13 5.44 5.25 5.20
Huen 6.76 6.79 6.88 6.81 7.20
Hye 4.94 5.05 4.56 4.85 4.80

9 Measured at 30°C using deuterated methyl sulfoxide as solvent

® The calculations are based on a value for the total number of aromatic hydrogens present, H,, (measured directly from the integral trace as the step
height from 6 = 6.5 to 8.2 ppm), which assumes complete mono-sulfonation of all dioxyphenylene structures to IX. X or XI

polymer with RV = 0.90 by reaction (4). The greater
importance of steric hindrance in reaction (3) may be due
to steric crowding in the tetramethylated benzene rings.

b eysory
+

e e
n OHOH — |l + 2nKCl+ nCO, + nH,0
fe e

+
nK,CO,

4

Sulfonation of the polymers

Careful investigation® via i.r. and n.m.r. analysis of the
products obtained by dissolving a range of PEES:PES
(LIIT) copolymers in sulfuric acid and allowing the
solutions to stand for several days at room temperature
before isolating the product, showed that the only
reaction occurring was complete monosulfonation of
the hydroquinone residues to give a copolymer of III

Table 5 Preparation of PEES:Me,PEES, L:Iy;, copolymers via reaction (3)

with TV. No evidence was obtained indicating further
sulfonation under these conditions. The n.m.r. spectra
for samples of MePEES and Me,PEES (I, and I) that
had been sulfonated by the ‘small scale procedure’ (see
Experimental) for 1-2 days and they converted to their
tetramethylammonium salts are shown in Figures 3b and
4a and the quantitative information obtained by
integration of these specta is listed in Table 4. The data
indicate that these polymers behaved in the same way as
found*® for PEES:PES copolymers, showing that the
only reaction occuring is complete monosulfonation of
the methylated hydroquinone residues.

The behaviour of Me;PEES, I, was more complex.
The n.m.r. spectrum (see Figure 35a) of the product
obtained by sulfonation (‘small scale’ procedure) for 1-2
days followed by conversion to the quaternary salt shows
that sulfonation does not go to completion under these
conditions and the reaction is not restricted to conver-
sion of the trimethylated hydroquinone residues, VI
(R =Me), to XII. There are at least three different peaks
for hydrogen, Hp,, in the methyl groups attached

Polymerization conditions

Mol% Me,HQ Temperature (°C)

0 220-225
20 220-225
30 190-200
40 220-225
50 205-230
60 205-230
80 205-230
100 205-230

Polymer RV

Time (h) In®b« In H,SO,
6 — 2.42

6 1.35% 1.90

5 1.20 —

6 0.95 1.30

8 0.45% 0.97

8 0.51°% 1.02

8 0.36 NS

8 0.31° NS

@he iy N-dimethylformamide, &, N-dimethylacetamide or N-methylpyrrolidinone, respectively
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(a)
HMcN
H
a HMe
dmso
N 1 L 1 1 1 L
8.0 7.4 6.8 3.1 2.52.1 0.0
ppm
(b)
H
Hyen | Me
Ha
dmso
1 1 ! i N 1 o |
8.47.97.6 6.7 Ll 3.53.1 2.5 2.0 0.0

ppm

Figure 4 'H n.m.r. spectra in deuterated methyl sulfoxide; (a) for the
tetramethyl ammonium salt of sulfonated Me,PEES, (b) for the
tetramethyl ammonium salt of sulfonated 60:40 PEES:Me,PEES
copolymer

Table 6 N.m.r. analysis® of sulfonated Me;PEES, I¢ (see spectra in
Figure 5a)

Number of hydrogens

present
Polymer Hydrogens Found Calculated
Sulfonated I H, 0.23 —
H. 3.75 4.00
H, 4.14 4.00
Huen 7.00 12.00
ortho-Hye 1.69 3.00
para-Hyge 1.32 3.00
meta-Hy, 6.11 3.00
Re-sulfonated I H, 0.47 —
H, 3.94 4.00
H, 4.14 4.00
Huyen 11.09 12.00
ortho-Hy, 1.44 3.00
para-Hye 2.24 3.00
meta-Hye 5.79 3.00

@ All spectra measured using deuterated methyl sulfoxide as solvent

b The calculations assume that the total number of aromatic hydrogens
present (measured directly as the step height on the integral trace from
§ = 6.5t0 8.2ppm), Hy, = 8, i.c. VI (R =Me) is sulfonated completely
to XII

HMeN

HMe
1 1 l A 121.3 A 1L“'A
8479 1.0 3.125 20 0.0

ppm
HMeN
HMe
H,O
(b 2

L P} - e i Il )
8.47.97.6 6.9 3.53.12.520 0.0

ppm

Figure 5 'H n.m.r. spectra in deuterated methyl sulfoxide; (a) for the
tetramethylammonium salt of sulfonated Me;PEES, (b) for the
tetramethylammonium salt of sulfonated 50:50 PEES:Me,PEES
copolymer

directly to the phenylene rings, as would be expected
from the different orientations of the three methyls to the
sulfonate group. However, the situation is confused by
the peak at 2.5ppm due to hydrogen in the deuterated
methyl sulfoxide used as solvent, which may overlap that
due to Hy, ortho to the sulfonate. The large methyl peak
at 1.95ppm has the same chemical shift as that for the
methyl groups in the polymer before sulfonation,
structure VI (R = Me), but is sufficiently broad to
cover a peak due to methyl positioned meta to the
sulfonate group in XII. The aromatic section of the
spectrum, between 6.6 and 8.4 ppm is more complex than
would be expected from a polymer comprising nothing
but structures V and XII, which should show only a pair
of doublets due to H, and Hj, in the phenylene ether
sulfone structures, V, and there is a small but significant
peak at ~8.4 ppm indicative'®2! of hydrogen (such as H,

M*'00,5, H, SO, W,
X -0{2602- X1y -0}?;%:—Q-sor
H e H

M = NMe,
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in XII or XIV) in a ring with two —SO,— substituents.
Integration of the spectrum, assuming that the peak at
2.5ppm is due to ortho-Hy provided the data listed in
Table 6. The low value found for Hyn coupled with the
significant level of H, detected, which if present in XIII
would require a further 2.7 Hyn hydrogens, shows that
sulfonation of the trimethylhydroquinone residues, VI
(R =Me), is only about 50% complete. The low values
found for ortho- and para-Hyy and the high level of
meta-Hyy., which must include hydrogen present as Hyy,
in the un-sulfonated polymer (that is to say in structure
VI, R =Me), are as would be expected from incomplete
sulfonation. Structure XIV is also a possible source of H,
hydrogens, but it is not possible to distinguish this from
XIII with the data currently available. A sample of the
sulfonated polymer was treated again with sulfuric acid
and the mixture left to stand for several days. About half
of the polymer was converted to a gel which was lifted
out before the thick residual liquid was poured into water
and converted to its quarternary ammonium salt. Data
from analysis of this resulfonated polymer is included in
Table 6. The results here also indicate incomplete
sulfonation, for although the level found for Hyn is
close to that expected for complete sulfonation, this
increase could also be due to the higher level found for
H.. The second explanation appears the more likely as it
is in accord with the high level of meta-Hy,, found on
integration, up to 50% being due to Hy, in the
unsulfonated structure VI (R = Me).

The n.m.r. spectrum from the product of treating a
60:40 PEES:Me,PEES (0.60 1:0.40 I) copolymer with
sulfuric acid for 24 h (‘small scale’ procedure) followed
by neutralization with Me,;NOH is shown in Figure 4b:
and that from treating a 0.50 I:0.50 I, material in Figure
5b. Data from integrating these spectra are given in Table
7. Results for the 60:40 copolymer are as expected for
conversion of all the hydroquinone residues, V, to the
mono-sulfonated structure, IX, so that this copolymer
appears to behave like the PEES:PES copolymers
examined prc:viously5 . The spectrum from the sulfonated
50:50 PEES:Me,PEES copolymer shows a peak at
~7.5ppm assigned to Hy in IX so that sulfonation of

Table 7 N.m.r. analysis of sulfonated PEES:Me,PEES (I:Ip) co-
polymers® (see spectra in Figures 4b and 5b)

Number of hydrogens

present’
Copolymer Hydrogens Found Calculated
60:40 PEES:Me,PEES, H, 3.96 4.00
0.60 1:0.40 I Hy 0.60 0.60
Hy . 5.25 5.20
Huen 6.81 7.20
Hye 4.85 4.80
50:50 PEES:Me,PEES, H, 0.25
0.50 I:0.50 Ip H, 4.10 4.00
Hy 0.66 0.50
Hp . 4.92 5.00
Humen 8.32 6.00
Hume 5.85 6.00

“ Measured at 30°C using deuterated methyl sulfoxide as solvent

These calculations are based on a value for the total number of
aromatic hydrogens, Hy,, present (measured directly as the integral
step height from 6.5 to 8.2ppm) which assumes complete mono-
sulfonation of all the hydroquinone residues to IX
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the hydroquinone residues has occurred, but it also
shows a peak at ~ 8.4ppm. This second resonance
indicates hydrogen with much the same chemical shift as
that observed in sulfonated samples of the Me;PEES
homopolymer, I, and is assigned to H. hydrogens
positioned between two —SO,— groups in structure XIII.
Integration of the spectrum showed that the step height
for the Hy peak at ~ 7.4 ppm was, within the limits of
error, as expected for complete monosulfonation of all
the hydroquinone residues. The step height for the
resonance at ~ 8.4 ppm indicates the presence of about
0.25 H, hydrogens per average 0.50 I.0.50 I, copolymer
repeat unit after sulfonation. This corresponds to
sulfonation of about one in eight of the phenylene
ether sulfone structures, V, present in the copolymer and
should increase the calculated number of quaternary,
Hyen, hydrogens by 3 to 9.00 which, considering the
likely error in measuring the number of H, hydrogens
present, agrees quite well with the number, 8.4, found in
our experiment. It is known*® that the phenylene ether
sulfone residues present in PEES:PES copolymers, where
the only other structures present are hydroquinone
residues, are not sulfonated under the conditions of our
experiments. Thus, the partial conversion of structures V
to XIII observed after sulfonation of the 50:50 PEES:-
Me,4PEES copolymer must occur at phenylene ether
sulfone structures positioned adjacent to durohydroqui-
none residues along the chains and the total reaction
observed approximates to that shown in equation (5).
Re-examination of the spectrum from samples of
sulfonated 60:40 PEES:Me,PEES copolymer showed
that there could be resonance at 8.4ppm due to H,
hydrogens, so that some sulfonation of phenylene ether
sulfone residues may also occur in this reaction.

0.5 _(_O_Q_o—@so,-@—on&b;—}—@'wz—@);

l H,SO,, NMe,OH

$0,0" *NM,OH Me. _Me SO20 *NM,OH
0.5 < 0y -o-s0-{D)-0=0 -0~ s
_(_ M Me n

N
$0,0" *NM,OH

-0~ s0r-0-38 oo,
(5)

In summary, treatment of MePEES and Me,PEES
with sulfuric acid at room temperature results only in
monosulfonation of the methylated hydroquinone resi-
dues. Sulfonation of the trimethythydroquinone residues
in Me;PEES does not go to completion under these
conditions. It is known?? that sulfonation of polymethyl-
benzenes is subject to high steric hindrance and that
steric acceleration is marked in the protiodesulfonation
of ortho-substituted benzenesulfonic acids?? (especially
with tetramethylbenzenesulfonic acids), so that incom-
plete sulfonation of the trimethylhydroquinone residues
is not unexpected. Suifonation (or sulfonylation) of the
phenylene ether sulfone residues in Me;PEES to give
structures XIII and/or XIV and of PEES:Me,PEES
copolymers to give XIII was not expected. Presumably
this novel effect is due to electron accession from the

0.25 —(- (o}
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Table 8 Glass transition temperatures, T, for methylated poly(ether
ether sulfone)s

Homopolymers Copolymers
Polymer T, (°c) Copolymer T, (°C)*
PEES, I 205 80:20 PEES:Me,PEES 215
MePEES, I, 215 70:30 PEES:Me,PEES 225
Me,PEES, I 220 60:40 PEES:Me,PEES 255
Me;PEES, I¢c 250 50:50 PEES:Me,PEES 260

Me,PEES, I, 290 40:60 PEES:Me,PEES 270

20:80 PEES:Me,PEES 280

“ RVs as listed in Table 5

methyl groups transmitted via ether linkages to the
reaction site on adjacent phenylene ether sulfone rings.
This electron accession could help the activating effect of
the ether linkage to counteract the electron withdrawing
(and hence de-activating) effects of the sulfone linkage to
the point where sulfonation of phenylene ether sulfone
rings becomes possible under the relatively mild condi-
tions employed. There is some precedence for this as
substituents on phenyl rings have been observed to affect
the reactivity of adjacent rings towards electrophilic
reagents, for example in the nitration of diphenyl
compounds23 and in the synthesis of poly(arylene ether
sulfone)s from phenyl ether sulfonyl chlorides®. There
are indications from recent data that other reactions, e.g.
Jacobsen type isomerizations, may occur and further
investigation of the situation is in progress using the
more powerful n.m.r. techniques now available at the
University of Surrey.

Glass transition temperatures

These were measured by the d.s.c. technique and the
data obtained is listed in Table 8. In all cases increasing
methylation leads to an increase in Tg, as would be
expected on steric grounds. Methylation is most effective
in raising T, when both positions ortho to an ether bond
are substituted. This has been observed>® previously
with other poly(phenylene ether)s, and is due to more

effective hindrance to rotation about the ether linkages.
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