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Highmolecularweight,lineararomaticpoly(etherketoneketone)swithdifferentiso-/tere-isomerrepeating
unit ratio (100/0,50/50,0/100)havebeenstudiedby 1H and 13Cn.m.r.spectroscopy.Thepolymerswere
obtainedin particleformbyprecipitationelectrophilicFriedel–Craftsacylationcondensationof iso-and
terephthaloylchlorideswithdiphenylether,1,4-and l,3-bis(4-phenoxybenzoyl)benzenes.ConventionalIH
and 13Cn.m.r. spectroscoy showspara-substitutionin the diphenyletherfragmentsof the mainchain.

?Analysisoftheexpanded H n.m.r.spectrafor theringprotonresonancesrevealsdefectmeta-and ortho-
structures.Theamountand isomerratio of thesedefectstructuresdependon thepolymerstructureand
preparationpath.Thelowfieldof IH n.m.r.spectraofpolyketonesbasedon ‘smallmonomers’(diphenyl
etherandiso-andterephthaloylchlorides)werefoundto showadditionalminorsignalscorrespondingto
a differenttype of defectstructure.A possiblemechanismof formationof thesedefectstructuresis
discussed.@ 1997ElsevierScienceLtd.

(Keywords:IHn.m.r.; 13Cn.m.r.; prseipitationelectrophilicpolycondensation)

INTRODUCTION

Aromatic poly(ether ketone)s comprise a class of
polymers in which arylene moieties are linked by ether
or carbonyl groups14. These polyketones are semi-
crystalline, high-temperature and solvent resistant, and
as materials are receiving ever-increasinglycommercial
and academic attention.

Similarly to all semicrystallinepolymers, the thermal
and mechanicalproperties of polyketonesare dependent
upon the morphology and the thermal history of the
material. This is the reason for considerable interest in
the current literature regarding the determination of
their crystal structure and characterization of their
morphology5-9.

Preparation of poly(aryl ether ketone)s by two
different approaches has been described in the litera-
ture14. The first approach is a synthesis involving

*Part 4: Zolotukhin,M. G., Rueda,D. R., BaltaCalleja,F. J.,
Cagiao,M.E.,Bruix,M.andGileva,N.G.Polymer,1997,38, 1471
tTo whom correspondenceshould beaddressed

electrophilic aromatic substitution, in which an aryl
ketone linkage is formed. The second one is a synthesis
involvingnucleophilicaromatic substitution, in which an
aryl ether linkage is obtained. It is obvious that
polyketones obtained by both methods may contain
defectstructuresaffectingthe polymerproperties. Never-
theless,reports on the study of chemicalstructure of the
polyketonesare very limited.

One essential reason for this is the difficulty of
investigationof the polyketones in solution due to their
generally poor volubility.In contrast to poly(aryl ether
ketone) oligomers,most of which are soluble in CDC13
or C2D2C12and can be studied by means of IH and 13C
n.m.r. spectroscopylO,polyketones are normally soluble
only in strong acids such as concentrated sulfuric,
methane sulfonic or trifluoromethane sulfonic acids. It
is to be noted that sulfuric and methane sulfonic acids
have been used as solvents for 19F n.m.r. end-group
analysis of a poly(aryl ether ether ketone)ll, while
sulfuric and trifluoromethane sulfonic acids have been
used for complete assignmentsof the quaternary carbon
signalsof statistical copolymersof the aryl ether ketone

POLYMER Volume 38 Number 141997 3441



7Hand ‘3C n.m.r. study of PEKKs:M. G. Zolotukhin et al.

unit with aryl ether ether ketone, aryl ether ketone
ketone and aryl ether sulfones12.

It is less well known that many poly(aryl ether
ketone)s are solublein mixtures of chlorinated aliphatic
hydrocarbons with fluorinated alcohols and acids.
Thus, a CDC13/CF3COOH mixture has successfully
been used for n.m.r. characterization of chemicalmicro-
structure of copolymers of terephthaloylchloride with
diphenyl ether and l,4-diphenoxybenzophenone13and
polyketonesbased on 2,6-napthalenedicarboxylicacid14.
The solvent mixture was found to give low viscous
polymer solutions with no chemical degradation (or
reaction) of polymerchain affordingwell-resolvedn.m.r.
spectra.

In the present paper we report the results of IH and
13Cn.m.r. studies of poly(aryl ether ketone ketone)s of
the followingchemicalcomposition:

The polyketones were synthesized by precipitation
electrophilicpolycondensation of iso- and terephthaloyl
chlorides with diphenyl ether, 1,4- and l,3-bis(4-
phenoxybenzoyl)benzenes. The use of a high-field
600MHz n.m.r. spectrometer for the protons has, for
the first time, allowed us to obtain a detailed character-
ization of the chain structure and a quantitative
determination of the defect structures.

EXPERIMENTAL
Materials

The pol ketones were prepared according to known7methods910.CDC13and CF3COOH were obtained from
Aldrich (Madrid). CF3COOH was distilledprior to use.

Methods
The viscosity of the polymer solutions in 94.5%

sulfuric acid was measured at 25°C in a viscometer of
the Ubbelohde type. The ‘H and ‘3Cn.m.r. spectra were
recorded at room temperature on a Bruker AMX-600
spectrometer operating at 600.13 and 150.92MHz (for
IH and 13c frequencies respectively).The PolYketones
weredissolvedin a CDC13/CF3COOHmixture(50/50v/v)
to give7.5°/0(w/v)solutions.All chemicalshiftscited are
referred to tetramethylsilane.

RESULTS AND DISCUSSION
Synthetic aspects

In principle, poly(oxy-1,4-phenylene-carbonyl-1,4-
phenylene-carbonyl-1,4-phenylene)can be prepared by
both nucleophilicand electrophilic routes. It is easy to
show that the nucleophilic route (homopolycondensa-
tion as well as polycondensation) involves complex
monomers:

1 3

Scheme 1

while the electrophilic route is based on simple mono-
mers.Additionally,dependingon the monomers used for
polycondensation,polyketonesof regular structure with
different iso-/tere-isomer repeating unit ratio are
obtained. Thus, preparation of polyketones with a
repeating unit ratio of 100/0, 50/50, 0/100 in the main
chain was accomplishedvia Scheme 1.

Each polyketone structure was prepared in two ways:
a and b (Scheme l). A more detailed description of these
synthesesis given in a previous paper15.

The preparation of polyketones performed by pre-
cipitation electrophilicpolycondensationl~18 allows the
obtaining of high molecular weight polymers in particle
form. The polyketoneparticles are completelysolublein
CDC13/CF3COOHmixtures and strong acids, allowing
us to carry out n.m.r. spectroscopic measurements on
these polyketone solutions.

N.m.r. analysis
The results obtained are discussed according to

the order of thepreparation of thepolymer, from la to 3b.
To help the reader, for each of the six polymers, the

number of the formula scheme (in which the structural
formulas of polymer chains of different PEKK are
presented), the figure number (in which the proton and
carbon spectra are shown) and the table number (in
which the signal assignment is given) are collected in
Table1.

It is worth mentioning that the conventional 13Cand
IH n.m.r. spectra of the polyketones, obtained by
different routes turned out to be practically identical
(e.g.,each spectrumpresentedin Figures1–6 corresponds
to both a and b polymers).

The assignment of the carbon spectra (Figures Z–3)
was carried out by the application of a DEPT
sequence19 and on the basis of additive scheme
calculations20using the substitution increments ((CO)
Ph(CO), (CO)PhO and OPh) reported by Ewing2
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Table 1

Sample

la

lb

2a

2b

3a

3b

Numbers of schemes,figuresand tables

Expandedspectra for the
ring proton resonances

Structural formula of Conventional
polymerchain Carbon spectrum proton spectrum Proton spectrum Assignment

Scheme 2 Figure 1 Figure 4 Figure 7a Table 2

Scheme 2 Figure 1 Figure 4 Figure 7b Table 2

Scheme 3 Figure 2 Figure 5 Figure 8a Table 3

Scheme 3 Figure 2 Figure 5 Figure 8b Table 3

Scheme 4 Figure 3 Figure 6 Figure 9a Table 4

Scheme 4 Figure 3 Figure 6 Figure 9b Table 4

CF3COOH

a

‘)9

c

.

i

.

K

CF3COOH

L..-
( 1 I 1 1 1 I 1 I r I I I 1 I T r I I I I 1 I I I I I I I 1 I 1 1 1

I
I I I

I
T I

ppm 190 180 170 160 150 140 130 120 110

13C n m r Spectmm of Samples la and lb: carbon designationin accordanceWithscheme2Figure 1 . . .

and found from the spectra of the modelcompounds 1,2- and by analysis of the signal multiplicity. At first sight,
dibenzoylbenzene and 4-methoxybenzophenone pre- the IH n.m.r. data confirm the high regioselectivityof
sented by Aldrich22. the polymer syntheses.

As can be seen, all the signals in the 13C n.m.r. However, in the expanded IH n.m.r. spectra for
spectra of polyketones 1–3 can be completely ascribed the ring proton resonances of the polyketones (Figures
to the polymers with para-substituted diphenyl 7–9), one can observe a number of signals whose
ether fragments in the main chains. The assignment intensities are considerably smaller than those of
of the corresponding proton signals (see Figur;s 4–6) proton signals corresponding to the main structural
was also made by means of the additive scheme units (para-isomer). These spectra appeared to be
calculations (using the increments reported in ref. 23), very complex due to the carbon-13 satellites which
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CF3COOH

I Ic
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Figure 2 13C ~,m,r Spectrum of SampleS Za and 2b: carbon designationin accordanceWithschemeJ

Table 2 The assignment of proton signals of isomer structures and
end-units in the spectra of la (Figure 7a) and lb (Figure 7b)

Proton”
Chemicalshifts &b
(ppm)

7.98
7.27

7.98e
7,27’
7.10f
7.44

7.70’
6.95
7.85’
7.70’

8.37 (Rl = OCH3;R2 = –Ph)
8.47(R, = –OCH,)

Signalmultiplicity
J, Hzc

Doublet
Doublet

Doublet
Doublet
Doublet/doublet
Triplet

Doublet
Doublet
Singlet
Triplet

Singlet
Singlet. . ..

“Proton designationin accordancewith Scheme 2
bChemicals~ift of the multiplet centre
cJ ortho–ortho = 12Hz
‘p, m and o refer to para-, meta- and ortho-isomers,respectively
‘ Calculatedchemicalshifts;experimentalvaluescannot be determined
becauseof signaloverlap
f In the spectrumof la (Figure7a) signalof H: is not observedbecause
of the overlappingwith upper fieldsatellite of H: signal (at 7.15ppm)

Table 3 The assignment of proton signals of isomer structures and
end-unitsin the spectra of 2a (Figure 8a) and 2b (Figure 8b)

Chemicalshifts, 5, Signalmultiplicity,
Proton” ppmb J, Hzc

H;d 8.00 Doublet
H; 7.30 Doublet
H; 7.31 Doublet

H; 8.00’ Doublet
H; 7.31’ Doublet
H; 7.15 Doublet/doublet
H: 7.44 Triplet

HP 7.75 Doublet
H~ 7.00 Doublet
H? 7.80’ Triplet
H? 7.89e Singlet

H; 8.37 (Rl = OCH3;R2 = –Ph) Singlet

aProton designationin accordancewith Scheme 3
bChemicalshift of the multiplet centre
~J ortho–ortho= 12Hz
P, m and o refer to para-, meta- and ortho-isomers,respectively

‘ Calculated chemical shifts; experimental chemical shifts cannot be
determineddue to signaloverlap
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Table 4 The assignmentof proton signalsof isomer structures in the
spectra of 3a (Figure 9a) and 3b (Figure 9b)

Chemicalshifts 6 Signalmultiplicity
Protona @pm)b J, Hzc

H; 8.04 Doublet
H: 7.31 Doublet

H; 8.04’ Doublet
H; 7.31’ Doublet
H: 7.lof Doublet/doublet
H; 7.44’ Triplet

Hf’ 7.74 Doublet
Hf’ 7.03 Doublet
H~ 7.78 Triplet
H~ 7.90’ Singlet

H! 8.28 (Rl = OCHJ Doublet
H! 8.35 (R, = HO–, Cl) Doublet/doublet

“Proton designationin accordancewith Scheme 4
bChemicalshift of the multiplet centre
~J ortho–oriho = 12Hz

P, m andorefertopara-, meta- and ortho-isomers,respectively
eCalculatedchemicalshifts; experimentalvaluescannot be determined
because of simal overla~
f In the spec~um of 3a~Figure 9a), the signal for H; is not observed
because of its overlap with the upper fieldsatellite of the H: signal(at
7.17ppm)

CF3COOH

IL___
b

arise from proton coupling to carbon-1324and over-
lap of some signals ascribed to isomer structures.

The assignment of these new signals was made
(Tables 2, 3 and 4) on the basis of the following
criteria:

(i)

(ii)

a comparison of the spectra of polyketone samples
with different molecular weights (analysis of signal
intensity and multiplicity), keeping in mind
that multiplicity of satellites and the central signal
are identical;
additive schemecalculations based on the chemical
shifts of proton signals corresponding to the main
para-isomer structure (Figures 4–6) using substitu-
tion increments (CO)Ph(CO) and OPh, also esti-
mated from the conventional proton spectra
(Figures4-6).

As a result, signalscorresponding to the end-groups,
ortho-and mettz-isomerdefect structures along with the
main signals(para-isomer) were identified.

Utilizing the assignments presented in Schemes 2–
4, the relative signal intensities (known to be
proportional to the isomer concentration and to the
number of protons corresponding to the signal) are

I 1 I I 1 1 I 1 1 I I
ppnl 164 162

d

c
a

—.

f 9

CF3COOH

L
r I I 1 1 I I 1 1 I I I I I I 1 I I I 1 I I I I 1 1 I I I 1 I I 1 1 I 1 I 1 I I
ppm 190 180 170 160 150 140 130 120 110
Figure 3 ‘3C n.m.r.spectrumofsamples3aand3b:carbondesigrrationinaccordancewithScheme 4
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‘1

‘2

‘5

‘3

1“’’’’’’’1’’’’’’’”1’ “’’’’1’1’’’1’’’’’1’’” ‘11’’1’’’’’’’’’1’’’’’” “j’’’’’’’”
ppm 8.2 8.0 7,8 7.6 7.4 7.2 7,0
Figure4 IHn.m.r. spectrum ofsamples Iaandlb: proton designationin accordancewith tlcherne2

Table5 Content ofisomer structures in thepolyketones

Isomer molar ratio
Viscosity

Sample ‘kh(dlg-’) para ortho meta

la 1,08 98.7 0.6 0.7
lb 1,92 98.7 0.7 0.6

2a 1,50 97.7 1.9 0.4
2b 1,99 98.0 1.2 0.8

3a 1,24 98.4 0.6 1.0
3b 1,25 93.5 5.3 1.2

givenby

S,4=2Z (Figure9) (1)

s~ = Y (Figures7, 8b, 9) (2)

SC=2X+Y (Figures7-9) (3)

2s~ = Y (Figures7b, 8b, 9b) (4)

SE = z (Figures7-9) (5)

where X, Y and Z are the mole fractions of main para-
and defect ortho- and rnekz-structures,respectively(see

(6)

Schemes2–4). It is clear that

x+ Y+z= 1

Taking into account that

s = SC+ s~ + s~ = SC+ 2s~ + 2SE

= 2(X+ Y + z) = 2 (7)

the relationshipsfor calculation of the X, Yand Z values
may be expressedas

s~ 2xs~ Y ~=2xsB 4xs~
7= s ‘7; S=s

(8)

s~ 2XZ SE ~. z = 2 x SE s~—..
s = 2 ; s ‘2’ Ss

(9)

x = 1 – (Y+ z) (lo)

and the isomer contents thus calculated are presented in
Table5.

It should be noted that Friedel–Crafts aromatic
substitution reactions are usually considered not to be
very selective,and this is indeed the case for acylation
(polyacylation)in which formation of defect ortho-and
meta-isomersis expected.
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H

‘2

H,, H6

‘3

1“’’’’’’’1’’’’’’” ‘11’’’’’’’’1’’’’’’” ‘1’’’’’’’’’1’’’’’’” ‘[’’’’’’’”
ppsl 8.2 8.0 7.8 7,6 7.4 7,2

Figure5 IHn.m.r. spectrum ofsamples 2a and 2b:proton designationin accordancewith f$cherne3

As can be seen from Table5, synthesis ofall of the
polyketones is accompanied by formation of defect
structures.

Defect structures
Owing to the large differencebetween the intensity of

n.m.r. signals resulting from the main and defect
structures, an accurate determination of the amount of
defectscannot be made. However, it ispossibleto discuss
some of the characteristic features and tendencies
observed.

From Table5 one seesthat the total amount of defect
structures is approximately similar in all polymer
preparations, except for 3b. For these polymers, the
content of defect structures and their ratios do not
depend much on polymer viscosity and preparation
path. Thus, polyketone lb, although of much higher
viscosity than la, shows the same content of defect
structures. It is possible, therefore, that formation of
defect structures takes place during all polymer
syntheses.

Polyketone 3bhas the largest abundance of defect
structures, due mostly to the presence of ortlw-isomer.

All the above-mentioned defect structures were
identified in our study by n.m.r. spectroscopy. Apart
from these, other defect structures have also been
mentioned in the literature. Among these are products
resulting from alkylating of arylene fragments by
chlorinated (dichloroethane)solvents.In this caseforma-
tion of branched (or even cross-linked) polymers is
expected. It is worthy of note that the high volubilityof
the polyketones obtained points to an absence of cross-
linked structures. Further, trisubstituted aromatic rings
(or aliphatic protons) were not detected in the n.m.r.
spectra.

Another possible type of side reaction in electro-
philic acylation is intramolecular cyclization of ortho-
substituted phenoxy-units resulting in xanthydrol
groupsl:

Evidence for the formation of xanthydrol groups
is based on absorption at 455nm in the visible

POLYMER Volume 38 Number 141997 3447
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‘2

H

Ill ‘3

I

[“’’’’’’’l’’’’’’” ‘1’’’’’’’’’1’’’’’’” ‘1’’’’’’’’’1’’’’’’” ‘1’’’’’’’”
ppm 8.2 8.0 7.8 7,6 7.4 7.2

Figure6 IHn.m.r. spectrum ofsamples 3a and 3b:proton designationin accordancewith Scheme4

absorption spectrum of sulfuric acid solutions of
polyketone and on the improved melt stability of
the polymer after treatment by formic acid. It is
assumed that the treatment results in chemical
reduction of xanthydrol groups to the corresponding
9-phenylenexanthenes1:

In our case, the n.m.r. spectra do not show signals
corresponding to xanthydrol groups. Besides, poly-
ketone 3b, containing the highest abundance of ortho-
substituted units, yields only very weakly coloured
solutions in sulfuric acid.

Finally, it should be remembered that other electro-
philes in the reaction media may compete with the acyl-
cation. Protonated ketones are such electrophiles. A
study of this type of reaction in trifluoromethane-
sulfonic acid involving PEEK oligomers has been
reported25. According to that study, electrophilic
attack of the terminal phenyl by the protonated ketone
may lead first to a substituted triphenylmethanol,which

in strong acids is readily converted into a substituted
triphenylmethylcation:

—o+-@-cN%-@--o‘—*”

It should be expectedthat reactionsof this kind occur-
ring during preparation of polyketones1–3 would result
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Figure7 Expanded IHn.m.r. spectra for the ring proton resonan@ ofsamPles la (a) and lb (b). signals ofdefect structures aremarked by”
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Figure8 Expanded IHn.m.r. spectra for the ring proton resonancesofsamples 2a(a) and2b (b). Signalsofdefectstructmes aremarked by”
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Figure9 Expanded ’H n.m.r. spectra for the ring proton resonancesofsamples 3a(a) and3b (b). Signalsofdefect structures are marked by*
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in branched or, more probably cross-linked structures,
whichwere also not detected in our experiments.

Thus, the only defect structures we could identify by
IH n.m.r. spectroscopyare ortho- and rneta-isomersand
end-groups.

Concerningthe expanded IH n.m.r. spectra for the ring
proton resonances,the presenceof two lowfieldsignalsis
to be noted: a triplet at 8.7ppm and a doublet at 9.5ppm,
in the spectra of polyketonesbased on iso-/terephthaloyl
chlorides and diphenylether (la and 3a).

It is remarkablethat the signalsare completelyidentical
in both polymers and cannot be attributed to the end-
groups. (Obviouslythe signalscan neither be ascribed to
xanthydrolgroups.)Furthermore, the signalsappeared at
even lower field than for the protons of isopthaloyl-or
terephthaloyl moieties. Taking into account that both
polyketone preparation schemesinvolve diphenyl ether,
one may suggestthat the signalsare due to products of
some side reactions of diphenylether, for example,from
acyl-oxoniumcomplexesconverted in arylene fragments
containingester groups:
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and a possibility of this type of side reaction in
electrophilic polycondensation was reported recently2b.
Calculations reveal that the low field signals(even if the
low field triplet presents a superposition of doublet with
singlet)may be attributable to arylene rings with keto-
and ester-groups. To confirm the suggestion of ester
group formation, we have boiled two samples of
polyketone la in dilute hydrochloric and potassium
hydroxide solutions to hydrolyse the ester groups.

However, after such treatment, the intensity of the
signals in the spectra does not change, indicating that
they do not correspond to ester-substituted arylene-
groups. Another possibilityis that heterogeneoushydro-
lysis of powder polyketones samples was not very
effective.

Additional information on the structure of thesedefect
fragments can be drawn from i.r.-data. The i.r. absorp-
tion band arising from C=O stretching vibrations (e.g.
in ketones, aldehydesor esters) has probably been more
extensivelystudied than any other band. A good deal
is now known about the factors which influence its
frequency and its intensity27.

It is, therefore, to be expected that the i.r.-spectrum of
polymer la will show absorption bands in the range
1720–1750cm-l, which is characteristicfor the vibration
of carbonyl groups in aromatic esters.

In sharp contrast to that, the i.r.-spectrum of the
polymer (in the form of film) does not reveal any
absorption band in this region. I.r.-spectrum of the thick
(80pm)-filmalso does not showany band. Moreover, the
i.r.-spectra of the polymers la and lb are almost
identical.Consequently,we can concludethat the signals
under question in the n.m.r. spectra of polymers la and
3a do not correspond to ester groups. (It is very unlikely
that the frequency vibrations of these ester groups are
lowered by the presence of the substituents on the ring
ordm to the carbonyl group and overlapped by intensive
carbonyl absorption band of diaryl ketone fragments.)

To the best of our knowledge,this type of sidereaction
in polyketone preparation by electrophilic aromatic
polyacylation has not been reported previously. A
more detailed explanation of their structure and mech-
anism of formation willrequire additional investigation.

CONCLUSIONS

Linear, high molecular weight poly(aryl ether ketone
ketone)s with different iso-/tere-isomer repeating unit
ratio (100/0, 50/50, 0/100) have been synthesized by
electrophilicpolycondensation of iso- and terephthaloyl
chlorides with diphenyl ether, 1,4- and l,3-bis(4-
phenoxybenzoyl)benzenes. The polymer preparations
were performed as precipitation polycondensation and
the resulting polymers were obtained in particle form.
Conventional IH and 13Cn.m.r. spectroscopy reveal a
linear structure and para-substitution of diphenyl ether
fragments in the main chain. End-groups, defect meta-
and ortho-structures were identified by means of an
analysis of the minor signals observed in the expanded
IH n.m.r. spectra for the ring proton resonances. The
amount and isomer ratio of these defect structures
depend on the polymer structure and preparation path.
For polyketones la, lb, 2a, 2b, 3a the total content of
defect structure is cu. 2mol%. Polyketone 3b possesses

the highestabundance of the defectstructures. It is likely
that the polycondensationsinvolving ‘smallmonomers’
(diphenyl ether and iso- and terephthaloyl chlorides)
proceed with partial decomposition of the diphenyl
ether,
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