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’ INTRODUCTION

Semicrystalline aromatic poly(ether ketone)s are an indust-
rially important class of high-performance thermoplastics with
outstanding physicochemical properties.1,2 For example, PEEK
(Chart 1) is widely used in situations that require thermo-
oxidative and mechanical stability at high temperatures, or in
contact with organic solvents, and it finds increasing application as a
matrix polymer in carbon�fiber composites for aerospace applica-
tions.3 However, the very resistance to dissolution of such materials
is a major obstacle to their detailed characterization, so that a full
understanding of the relationship between properties and structure
at the molecular level is often difficult to achieve. Gel-permeation
chromatographic analysis of PEEK and some related semicrystalline
poly(ether ketone)s may be carried out in a mixture of phenol and
1,2,4-trichlorobenzene,4�7 but this technique requires a combina-
tion of high column temperatures (typically >115 �C) and corro-
sive/hazardous solvents, so that relatively specialized GPC systems
are required. An alternative approach to the characterization of
poly(ether ketone)s, for example by GPC or light scattering, would
be to convert the polymer, without degrading its molecular weight
or changing its polydispersity, to an amorphous and therefore more
soluble chemical derivative.

For example, PEEK may be sulfonated at the hydroquinone
residue simply by dissolving it at ambient temperature in concen-
trated (96�98%) sulfuric acid, and the resulting, amorphous,
polysulfonate ionomer is soluble in dipolar aprotic solvents.8,9

Lithium salts of sulfonated PEEK can then be analyzed by room-
temperature GPC in N-methylpyrrolidone.10 However, this ap-
proach is limited, in that many potentially important poly(ether
ketone)s such as PEK, PEKEKK, and PEKK (Chart 1) are not
sulfonated under such conditions (since every ring carries at least
one deactivating carbonyl group) and so cannot be characterized
by this method. We have recently reported a more general
methodology which depends on derivatization of the carbonyl
groups by converting these to cyclic dithioketal units in the
presence of an alkanedithiol and boron trifluoride, using strong-
acid solvents such as chloroform/trifluoroacetic acid mixtures to
dissolve the starting polymer.11,12 Here we report a different but
related approach to the problem, in which we show that semicrys-
talline aromatic poly(ether ketone)s, including PEEK, can be
converted cleanly to amorphous, soluble poly(ether imine)s by
reaction with low-volatility aralkylamines at high temperatures.

’EXPERIMENTAL SECTION

Instrumentation, Methods, and Materials. Details of instru-
mentation and analytical methods (IR, NMR, DSC, GPC, TGA, solution

viscometry) have been described in a recent publication.12 Commercial-
grade samples of PEEK (ηinh = 0.82 dL g�1 in 96% H2SO4) were
donated by Cytec Engineered Materials Ltd., and research samples of
PEK (ηinh = 0.98 dL g�1 in 96% H2SO4) were kindly provided by ICI
plc. Diphenyl sulfone, 2,2-diphenylethylamine, and 3,3-diphenylpro-
pylamine were purchased from Acros and were used without further
purification.
Iminization of Poly(ether ketone)s. A sample of PEEK powder

(0.577 g, 2.00 mmol) was placed in a reaction tube equipped with a
nitrogen inlet and mechanical stirrer, together with diphenyl sulfone
(9.0 g, 41 mmol) and 2,2-diphenylethylamine (1.972 g, 10 mmol). The
system was stirred under a gentle, continuous purge of dry nitrogen and
heated slowly (90 �C h�1) to 315 �C to dissolve the polymer. The
temperature was then lowered to 270 �C, and the solution was stirred at
this temperature for 3 h, giving a clear, viscous, bright yellow solution.
The reaction mixture was then poured onto an aluminum tray to cool.
The resulting beige solid was dissolved in dichloromethane (100 mL),
and the polymer was recovered as a pale yellow powder by precipitation
in methanol (300 mL). Traces of diphenyl sulfone were removed by
extracting the polymer in refluxing methanol for 1 h, and the product
poly(ether imine), 1, was then filtered off and dried at 80 �C (0.83 g, 89%
yield). Analogous poly(ether imine)s 2, 3, and 4 were obtained under
the same conditions by reactions respectively of PEEK with 3,3-
diphenylpropylamine, PEK with 2,2-diphenylethylamine, and PEK with
3,3-diphenylpropylamine.
Characterization of Poly(ether imine)s. Polymer 1. IR (film

from chloroform) νmax/cm
�1: 3026 (C�HAr), 2914 (C�H), 1615

(CdN), 1599 (CdCAr), 1491 (C�C), 1223 (C�O�C), 1164
(C�O�C). 1H NMR (250 MHz, CDCl3): δH (ppm) 7.40 (2H, m,
Ho), 7.25�6.84 (20H, m, Hb, Hd, Hp, He, Hk, Hl, Hm), 4.55 (1H, Hi, tr,
J = 5Hz), 4.06 (2H,Hh, d, J= 7.5Hz).

13CNMR (100MHz, CDCl3):δC
(ppm) 167.2 (Cg), 159.3 (Cq), 157.9 (Cc), 152.3 (Ca), 143.4 (Cj), 135.2
(Cf), 130.9 (Cn), 130.1 (Co), 129.7 (Ce), 128.5 (Ck), 128.3 (Cl), 126.2
(Cm), 121.1 (Cb), 117.5 (Cd, Cp), 58.8 (Ch), 52.6 (Ci). ηinh (CHCl3)
0.25 dL g�1;Tg (onset) = 128 �C. GPC (RI, THF, 25 �C):Mn = 28 kDa,
Mw = 49 kDa. Calcd for C33H25O2N: C 84.77, H 5.39, N 2.99. Found: C
84.27, H 5.37, N 3.01%. Poly(ether imine)s 2, 3, and 4 were character-
ized by analogous methods, with details given in Table 1 and in the
Supporting Information.

’RESULTS AND DISCUSSION

Semicrystalline aromatic poly(ether ketone)s, specifically
PEEK and PEK (Chart 1), were found to react cleanly with the
high-boiling aralkylamines 2,2-diphenylethylamine and 3,3-
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diphenylpropylamine in diphenyl sulfone solution at 270 �C,
affording poly(ether imine)s 1, 2, 3, and 4 (Chart 2) in high yield.
These polyimines are amorphous by GPC, with their glass
transition temperatures rather lower than those of their semi-
crystalline parent polymers. The more flexible 3,3-diphenyl-
propyl side chains lead to lower Tg’s than the analogous 2,2-

diphenylethyl derivatives. All four poly(ether imine)s are readily
soluble in conventional organic solvents such as chloroform and
tetrahydrofuran, enabling them to be characterized easily by
GPC (Table 1). The values obtained forMw andMn also show a
pattern, in that the 3,3-diphenylpropyl derivatives consistently
give lower values than their 2,2-diphenylethyl analogues, relative
to polystyrene standards. It seems that the greater flexibility of
the former side chainmust allow the polymermolecule to adopt a
more compact overall conformation.

Arylamines such as 4-hexyloxyaniline and 3,5-di-tert-butylani-
line failed entirely to react with poly(ether ketone)s under
these conditions, presumably because of the lower nucleophili-
city of aromatic amino groups. It should be noted, however, that
an arylimine derivative of PEEK was previously obtained by
polycondensation of a preformed imine monomer (the pheny-
limine derivative of 4,40-difluorobenzophenone) with hydro-
quinone13,14 to give a poly(ether imine) (5) analogous to 1
and 2.

Analysis of polymers 1�4 by 1H NMR in CDCl3 showed no
residual aromatic resonances associated with ether�ketone
sequences, indicating at least 99% conversion of the starting
polymers. Aliphatic resonances arising from the protons of the
aralkyl side chains were generally well resolved, and integration
of these against the aromatic signals confirmed essentially
quantitative incorporation of the amine. Interestingly, 13C
NMR spectra of polymers 1�4 showed sequence-related split-
ting of several in-chain aromatic resonances, arising from the
unsymmetrical geometry of the imine unit.

This phenomenon was noted previously for polymer 514 but
not analyzed in any detail. In the present work a 4-fold splitting
was observed for signals assigned to the carbons ortho to oxygen
in both the “hydroquinone” (Ca) and “benzophenone” (Cd)
residues (Figure 2). These carbons are represented by just two
single resonances in the 13C NMR spectrum of PEEK itself,15

where the three-ring “chemical repeat unit” is symmetrical about
the center of the hydroquinone residue. However, this symmetry
is lost on iminization, resulting in three different possible geome-
trical environments for the repeat unit as shown in Figure 2. In
this context, the orientation of each N-aralkyl group can be
defined as syn or anti with respect to the central hydroquinone

Chart 1. Some Industrially Important Poly(ether ketone)s

Table 1. Characterisation Data for Poly(ether imine)s 1�4

1 2 3 4

ηinh (dL g�1)a 0.25 0.32 0.24 0.25

Mw (kDa)b 49 45 42 36

Mn (kDa)
b 28 21 22 17

Tg (�C)c 128 112 130 109
aAt 25 �C in chloroform. bBy GPC at 25 �C in THF. cBy DSC (onset
temperature).

Chart 2. Poly(ether imine)s Obtained by Direct Iminization of PEEK (1 and 2) and PEK (3 and 4) and by Polycondensation of
Hydroquinone with the Phenylimine of 4,40-Difluorobenzophenone (5)
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residues. Two of the resulting sequences (anti/anti and syn/syn)
provide symmetrical environments for the hydroquinone ring
and so give rise to just two different “ortho” resonances,
representing four carbons each. However, the third possible
sequence (anti/syn)—and its directionally degenerate syn/anti
arrangement—result in an unsymmetrical environment for the
central aromatic ring and so give rise to two further resonances of
this type, each again representing four carbons (Figure 2). As
detailed in the Supporting Information, the same reasoning holds
for carbonCd in the “benzophenone” residue, providing a parallel
explanation for the 4-fold splitting of its 13C NMR resonance, as
seen in Figure 1.

In conclusion, we have developed a clean and convenient
iminization process for the derivatization of semicrystalline
aromatic poly(ether ketone)s, exemplified for PEEK and PEK.
This process yields amorphous, readily soluble poly(ether imi-
ne)s which can be characterized in detail by NMR spectroscopy,
GPC, and (potentially) other solution-based techniques such as
dynamic light scattering, thereby enabling molecular-level char-
acteristics of the starting poly(ether ketone)s to be inferred.

’ASSOCIATED CONTENT

bS Supporting Information. Synthesis and characterization
of poly(ether imine)s 1�4 including thermal, spectroscopic,
GPC, and elemental analyses; gel permeation chromatograms for
poly(ether imine)s 1�4; further analysis of sequence effects in
the 13C NMR spectra of poly(ether imine)s; 1H NMR spectrum
of polymer 2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure 1. 13C NMR spectrum (175 MHz, CDCl3) of polymer 1 in the range 115�123 ppm, showing sequence-related splitting of the resonances
associated with carbons Ca and Cd. See also Figure 2.

Figure 2. Different types of carbon atom in the monomer sequences found in polymers 1 and 2. Colors indicate magnetically equivalent positions and
show why four 13C resonances of equal intensity are observed for the carbon atoms (Ca) ortho to oxygen in the central “hydroquinone” residue of
polymers 1 and 2, as shown in the spectrum in Figure 1.
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