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ABSTRACT: A new interesting category of organometallic
polyketones and copolyketones were synthesized via the
Friedel-Crafts reaction through the polymerization of 2,6-
[bis (2-ferrocenyl)methylene] cyclohexanone (II) with differ-
ent diacid chlorides. The model compound was synthesized
by reacting the monomer (II) with benzoyl chloride and
characterized by TH-NMR, IR, and elemental analyses. The
polyketones and copolyketones were insoluble in most or-
ganic solvents but easily soluble in protic solvents. The
thermal properties of these polyketones and copolyketones
were evaluated and correlated to their structural units by
thermogravimetric analysis and DSC measurements, and
they had inherent viscosity of 0.29-0.52 dI g~'. Moreover,

the electrical conductivity of one of the polyketones, as a
selected example, namely poly [carbonyl-terephthaloyloxy-
(2-oxo-1,3-cyclohexanediylidene)methylidyne-ferrocenyl],
Va, and copolyketone, VI, was investigated above the tem-
perature range (300-500 K) and it followed an Arrhenius
equation with activation energy 2.09 eV. The morphological
properties of selected example of polyketones were deter-
mined by scanning electron microscopy. © 2004 Wiley Period-
icals, Inc. ] Appl Polym Sci 94: 1440-1448, 2004

Key words: polyketones; ferrocene; Friedel-Crafts; synthe-
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INTRODUCTION

Polyketones represent a new class of potential engi-
neering thermoplastics. Their property set is posi-
tioned in the area of polyamides and polyacetales.
They are characterized by their stiffness, high melting
temperature, and resistance against water and mois-
ture. In particular, one should also mention chemical
resistance, stability under hydrolysis conditions, im-
pact toughness, flame resistance without additives
containing halides or red phosphor, and short cycle
times in injection molding.'® Friedel-Crafts polymers,
formed by polycondensation of 4,4'-dichloromethyl-
diphenyl ether with benzene, toluene, isomeric chlo-
rotoluenes and xylenes, phenol, and isomeric cresols,
have been reported.*® Recently, a considerable
amount of research effort has concentrated on the
synthesis of polyketones via the Friedel-Crafts reac-
tion.” 2

To our knowledge, no work has been reported con-
cerning the synthesis of polyketones and copolyk-
etones containing ferrocenylidene cyclohexanone in
the main chain. The work reported in this paper out-
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lines the synthesis and properties of some new polyk-
etones and copolyketones based on 2,6-[bis(2-ferroce-
nyl)methylene] cyclohexanone. The major aim of this
work was to investigate the effect of inclusion of a
ferrocene moiety in the polymer backbone on the
polymer properties. In addition, other characteristics
of these new polymers, such as thermal stability, sol-
ubility, electrical conductivity, and crystallinity, were
also examined and are discussed.

EXPERIMENTAL PROCEDURES
Instrumentation

Melting points were determined on a Perkin-Elmer
240°C electrothermal melting point apparatus and are
uncorrected. Infrared spectra were recorded on a Shi-
madzu 2110 PC spectrophotometer with KBr pellets.
The 'H-NMR spectra were recorded on a GNM-LA
400-MHz NMR spectrophotometer at room tempera-
ture, in DMSO or CHCl;, using TMS as the internal
reference. Viscosity measurements were made with
0.5% (w/v) solution of polymers in sulfuric acid (9 M)
at 25°C using an Ubbelohde suspended level viscom-
eter. The X-ray diffractograms of the polymers were
obtained with a Phillips X-ray unit (Phillips generator
Pw-1710) and Ni-Filtered CuKa radiation. Thermo-
gravimetric analysis (TGA) and DTG measurements
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TABLE 1
Elemental Analysis, Inherent Viscosity, Yield, and Color of Polyketones Va—-d and Copolyketones VI and VII
Polymer Repeating C% H% Fe% Mmn  Yield
code unit Caled Found Caled Found Caled Found (dI/g) (%) Appearance of polymer
Va CiH,OsFe,  69.68 6882 452 423 1806 1729 038 67 Powder, brownish
Vb C;HyO5Fe,  69.68 68.88 452 4.12 18.06 17.67 0.29 75 Powder, brown
Ve C;,H3,05Fe, 68.00 67.12 5.33 5.07 18.67 18.19 0.37 65 Powder, brown
vd CiH,OsFe, 6951  69.02  6.10 594 1707 1639 047 72 Powder, brown
VI CoH;OFe, 7500 7314 469 411 1094 1078 052 69 Powder, brown
VII CesHseOFe, 7555 7454 514 528 1037 1093 036 62 Powder, deep brown

Note. Inherent viscosity measured in H,SO, at 25°C.

were performed on V 51 A Du Pont 2000 thermal
analyzer at a heating rate of 10°C/min in air. DSC was
carried out in a nitrogen atmosphere using a Shi-
madzu DSC-50 thermal analyzer. The solubility of the
polymers was determined using 0.02 g of polymer in
3.5 mL of solvent. Electronic spectra were recorded for
solutions in DMSO in the region 200—-600 nm with a
Shimadzu 2110 PC scanning spectrophotometer. The
morphology of the polymers was examined by scan-
ning electronic microscopy (SEM) using a Joel JSM-
5400 LV-ESM. Pellets for electrical conductivity mea-
surements were pressed at a constant pressure of 1000
Psi. IR die-silver paste was used to make contacts
between the polymer pellets and two graphite elec-
trodes. Conductivities were measured at room tem-
perature under air using a 610 Keithley electrometer.

Reagents and solvents

Ferrocenecarboxaldehyde (Fluka AG) (mp 118-120°C)
was used as purchased. Benzoyl chloride (Aldrich)
was used as is. Terephthaloyl chloride and isophtha-
loyl chloride (Aldrich) were recrystallized from n-hex-
ane (mp 83-84 and 43°C, respectively). Adipoyl and
sebacoyl dichlorides'® were freshly distilled at
125°C/11 Torr and at 182°C/16 Torr, respectively.
Cyclohexanone (Merck) was freshly distilled at bp
155°C. Anhydrous aluminum chloride (Merck) and all
other solvents and reagents were of high purity and
were further purified by standard methods."*

Monomer syntheses

Synthesis of 2,6-[bis (2-ferrocenyl)methylene]
cyclohexanone (II)

A mixture of 0.1 mol cyclohexanone and ferrocene
carboxaldehyde (0.2 mol) in warm ethanol was stirred,
and a few drops of KOH (20%) were added into the
reaction mixture. The reaction mixture was stirred at
room temperature for 1 h, and the resulting solid was
collected by filtration, washed with cold water, dried,
and recrystallized from ethanol as deep violet needles;
yield was 85%, mp 261°C. Calculated for C,3H,:O Fe,:

C,68.57; H,5.31; Fe, 22.86%. Found: C, 68.34; H, 5.21;
Fe, 22.08%. IR (KBr, cm !): at 1600 (s, C = C), at 1660
(s, C = O). '"H-NMR (DMSO-d,, ppm), at 7.0-8.0 (m,
18H of ferrocenyl moieties and 2H of 2CH = C); at 2.5
(s, 4H of 2CH, cyclohexanone); and at 2.0 (s, 2H of
middle 2CH, of cyclohexanone).

Synthesis of 2,6-bis(benzylidene)cyclohexanone (III)

This monomer was prepared as described in our ear-
lier paper.™

Synthesis of model compound (IV)

In a 100-mL round-bottom flask equipped with a mag-
netic stirrer and a nitrogen inlet and outlet was placed
a solution of 2,6-[bis(2-ferrocenyl)methylene] cyclo-
hexanone (II) (1 mmol) and benzoyl chloride (2 mmol)
in dry carbon disulfide (40 mL). The flask was purged
with nitrogen during stirring and anhydrous alumi-
num chloride (20 mmol) was added portion-wise to
the solution. The solution was stirred for 24 h at 25°C,
and the separated solid product was filtered off,
washed with water, and dried in a vacuum at room
temperature. An analytical sample was obtained by
recrystallization from benzene as deep brown crystals;
yield was 75%, mp 234°C. Calculated for C,,H;,0;
Fe,: C, 72.21; H, 4.87; Fe, 16.05%. Found: C, 71.98, H,
4.78, Fe, 15.84%. IR (KBr, cm !): at 1665 (C = O of
cyclohexanone), at 1700 (C = O of benzoyl group), at
1600 (C = C group). 'H-NMR (DMSO-d¢, ppm), 7.1-
8.5 (m, 10H, Ar-H; 8H, ferrocenyl moieties and 2H of
2CH = C), 2.5 (s,4H of 2CH, of cyclohexanone), 2.0 (s,
4H of middle 2CH, of cyclohexanone).
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Scheme 1
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Synthesis of polyketones (Va-d)

The Friedel-Crafts method was applied for the prepara-
tion of all polymers. Typically, in a 500-mL round-bot-
tom flask equipped with a magnetic stirrer and nitrogen
inlet and outlet was placed a solution of 2,6-bis (2-ferro-
cenyl) methylene cyclohexanone (II)(2.940 g, 6 mmol)
and isophthaloyl chloride (1.218 g, 6 mmol) in dry car-
bon disulfide (25 mL). The flask was purged with nitro-
gen during stirring, and aluminum chloride (2.66 g, 20
mmol) was added during the nitrogen flush. The red-
dish—brown reaction mixture was stirred for 24 h and
then filtered, and the separated product was triturated
three times with HCl (1 N) and methanol. The powdery
material was again filtered off, washed with water,
methanol, and acetone, and dried under reduced pres-
sure (1 mm Hg) at 70°C for 2 days. This method was
applied for the preparation of other polyketones; whose
yields, elemental analyses, viscosities, and colors are
listed in Table I

Synthesis of copolyketones VI and VII

The same method that was applied in the synthesis of
the polyketones was also applied in the synthesis of
the copolyketones.

Typically, in a 500-mL round-bottom flask equipped
with a magnetic stirrer and nitrogen inlet and outlet
was placed a solution of 2,6-[bis (2-ferrocenyl) meth-
ylene] cyclohexanone (II)(1.470 g, 3 mmol); 2,6-bis
(benzylidene)cyclohexanone (III) (0.822 g ,3 mmol)
and terephthaloyl chloride (1.218 g, 6 mmol) in dry
carbon disulfide (50 mL). The flask was purged with
nitrogen during stirring, and aluminum chloride (2.66
g, 20 mmol) was added during the nitrogen flush. The
reddish-brown reaction mixture was stirred for 24 h
and then filtered, and the separated product was trit-
urated three times with HCI (1 N) and methanol. The
powdery material was again filtered off, washing with
water, methanol, and acetone, and dried under re-
duced pressure (1 mm Hg) at 70°C for 2 days. This
method was applied for the preparation of copolyk-
etone VII. For both copolymers yields, elemental anal-
yses, viscosities, and colors are listed in Table L

RESULTS AND DISCUSSION
Synthesis of monomer II

2,6-[Bis (2-ferrocenyl)methylene] cyclohexanone mono-
mer (II) was synthesized in good yield by the basic
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Figure 1

Effect of reaction time on polymerization yield and extent of polymerization: (A) yield; (B) inherent viscosity.

Friedel-Crafts polycondensation was carried out with 6.0 mmol II and 6.0 mmol isophthaloyl dichloride in 60 mL dichlo-

romethane at 25°C in the presence of 20 mmol AICI;.
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catalyzed condensation of 2 mol ferrocene carboxalde-
hyde with 1 mol cyclohexanone, as shown in Scheme 1.

Synthesis of model compound IV

Before the polymerization was attempted, a model
compound was prepared by the reaction of monomer
(I) with two equivalents of benzoyl chloride. The
reaction is depicted in Scheme 2.

Synthesis of polyketones Va-d

To determine an adequate catalyst for the synthesis of
polyketones based on ferrocenylidene cyclohexanone
in the main chain, Friedel-Crafts polycondensation of
2,6-[bis (2-ferrocenyl)methylene] cyclohexanone (II)-
with terephthaloyl chloride (as an example) (polymer
Vb) was carried out in the presence of various Lewis
acids such as FeCl,, SbCl;, and AICl,. It appeared that
anhydrous AICl; gave the best result with respect to
yield and degree of polymerization. The favorable
molar ratio of catalyst to each reactant was ~2.0.

As shown in Figure 1, the preferred reaction time
was around 24 h. No appreciable increase in yield or

extent of polymerization was observed with longer
reaction time.

On the basis of these results, Friedel-Crafts poly-
condensation of dicarbonyl chlorides, including isoph-
thaloyl, terephthaloyl, adipoyl, and sebacoyl dichlo-
rides with 2,6-bis [(2-ferrocenyl) methylene] cyclohex-
anone (II) was carried out at room temperature for
24 h. These reactions are shown in Scheme 3.

The inherent viscosities of the resulting polymers
were in the range 0.29-0.52 dI g~ '. The structures of
the obtained polyketones were identified by IR and
'"H-NMR spectroscopy as well as elemental analyses
(Table I).

The microanalysis of all the polymers reflected the
characteristic repeating unit of each polymer; the data
are listed in Table I. It should be noted that the anal-
ysis of the polyketones and copolyketones deviated
up to 1.86% from the theoretical values. However, it is
not uncommon for polymers, especially those of high
molecular weight, to trap solvent molecules within the
polymer matrix, and these polymers contain polar
groups that are capable of hydrogen bonding with
solvent molecules.®

TABLE II
Solubility Characteristics of Polyketones Va-d and Copolyketones VI and VII
Polymer Chloroform Trifluoroacetic
code DMSO DMF  NMP + acetone (1:1) THF acid H,SO,
Va * = - - - * +
Vb + * * * * * +
Ve * * s * s + +
vd + + * + * + +
VI * * * * * + +
VII + * s + s + +
Note. +, Soluble at room temperature (RT); *, partially soluble at RT; —, insoluble.
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Figure 2 IR spectra of polyketones Va,d and copolyketone
VL

Characteristic peaks, resulting from (2-ferrocenyl)-
methylidene cyclohexanone protons (for polymer Vb),
could be found at § 6.9-8.2 (m, 8H, ferrocenyl rings;
4H Ar-H and 2H of 2CH = C); at 2.5 (s, 4H of 2CH, of
cyclohexanone); and at 2.0 (s, 4H of middle 2CH, of
cyclohexanone) ppm in '"H-NMR spectra. Also strong
absorption bands at 1690-1710 cm ™! (v C = O stretch-
ing of ketone), at 1640-1660 cm ™!, (v C = O stretching
of carbonyl group of cyclohexanone), and at 1590-
1610 cm ™ for (v C = C stretching) appeared in the IR
spectra. No detectable carbonyl chloride absorption
bands were observed (Fig. 2).

Synthesis of copolyketones VI and VII

Unreported copolyketones VI and VII, containing two
different moieties, e.g., bis-ferrocenylidene cyclohex-
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anone as organometallic moiety and bisbenzylidene-
cyclohexanone in the polymer main chain, were syn-
thesized from the copolymerization of monomers II
and III with two different diacid chlorides, e.g.,
terephthaloyl or adipoyl, as shown in Scheme 4.

Properties of the polyketones Va-d and
copolyketones VI, VII

Solubility of the polyketones and copolyketones syn-
thesized in this study was determined for powdery
samples in excess solvent including concentrated sul-
furic acid (9 M), dimethylsulfoxide (DMSO), trifluoro-
acetic acid, chloroform and acetone mixture(1:1), N-
methylpyrrolidone (NMP), tetrahydrofuran (THE),
and dimethylformamide (DMF). All polymers were
soluble in strong acids, such as concentrated sulfuric
acid and trifluoroacetic acid. However, most of the
polymers were insoluble in common organic solvents
and weak acids like acetic or formic acids (except for
polymer Vd (with n = 8), which showed good solu-
bility in most organic solvents, due to the flexibility of
polymethylene spacers present in these polymers). On
the other hand, comparing the solubility of poly-
ketones with its copolyketones, we found that the
latter possess better solubility than the former. This
was attributed to the higher flexibility of cyclohex-
anone moiety as described in our previous papers.'”'®

Although these polyketones were soluble in strong
acids, they showed enough stability in strong acids
and alkaline solutions that significant decreases in
molecular weights were not observed, as shown in
Figure 3.

X-ray diffractograms of selected examples of polyk-
etones Va,d and copolyketones VI and VII in Figure 4
showed few sharp peaks with an amorphous back-
ground, indicating that there is a large range of struc-

OO

AICl, CIOC——R —COCl —

v@—co* R—CO—
n

Copolyketone VI: R =0 ; VI R=(CH,),

Scheme 4
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Figure 3  Stability of polyketones: (A) polyketone (Vb) in

concentrated sulfuric acid; (B) polyketone (Vc¢) in 0.5 N
sodium hydroxide/methanol solution.

tures in the region 20 = 5-65° or (d in A°). The
diffractogram indicated that polyketone Va is amor-
phous and the others have some degree of crystallin-
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Figure 4 X-ray diffractograms of polyketones Va,d and

copolyketones VI and VIIL
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Figure 5 TGA and DTG curves of polyketones Va,d.

ity. Moreover, the presence of C = O as a polar group,
in addition to high C = C band levels chains in the
polymer, led to some extent of crys’rallini’ty.19 Also, the
diffractogram indicated that polyketone Vd has a high
degree of crystallinity in comparison with polyketone
Va.

The thermal behavior of polyketones Va,d and co-
polyketones VI, VII, as selected examples, were eval-
uated by TGA in air at a heating rate of 10°C/min. The
thermograms of polyketones Va,d are given in Figure
5, while Figure 6 shows the thermograms for copoly-
ketones VI and VIIL Also, Table III gives the temper-
atures for various percentages of weight loss for both
types. In Figure 5, TGA curves show a small weight
loss in the range 2-4%, starting at 160 until 200°C,
which may be attributed to loss of absorbed moisture
and entrapped solvents. The thermographs also indi-
cate that the polyketones decompose in two stages.

100
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£ 404 H
2
20+
o S—— : : p———
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Tamperatura {°C)
Figure 6 TGA and DTG curves of copolyketones VI and
VIL
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TABLE III
Thermal Properties of Polyketones Va-d and
Copolyketones VI and VII

Temperature (°C) for various
decomposition levels (%)

Polymer 10 20 30 40 50
Va 320 350 385 445 470
Vb 315 335 360 373 410
Ve 295 305 325 360 390
vd 250 285 320 350 410
VI 235 245 260 285 305
vl 215 250 290 325 365

Note. Heating rate, 10°C min™".

The first stage between 230 and 320°C depends upon
the nature of the polyketones. This result is in good
agreement with decomposition of ketone linkage ob-
served by Swedo and Marvel.?® The second stage of
degradation of polyketones occurred between 330 and
560°C. The rate of degradation in the first stage is
somewhat faster than in the second stage. A compar-
ison of the T;, values of polyketone Va containing
aromatic moiety showed better thermal stability than
others based on aliphatic groups (polyketone Vd).
For the copolyketones VI and VII TGA curves in
Figure 6 show a small weight loss in the range 2-4%
starting at 170 until 210°C, which also may be attrib-
uted to loss of observed moisture and entrapped sol-
vents. The thermograms again indicate that the co-
polyketones decompose in two stages. The first stage
between 200 and 310°C also depends upon the nature
of the copolyketones. The second stage of degradation
of copolyketones occurred between 320 and 580°C.
The rate of degradation in the first stage is again
somewhat faster than in the second stage. A compar-
ison of the T, values of copolyketone VI containing
aromatic moiety showed better thermal stability than
others based on aliphatic groups (copolyketone VII).
Figure 7 shows typical DSC traces of polyketone Va:
the curve shows a T, at 167°C and T; at 466.95°C and
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o
o
c
w
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L i ! 1 L
100 200 300 400 500

Temperature (°C)

Figure 7 DSC traces of polyketone Va.
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Figure 8 Temperature dependence of electrical conductiv-
ity of polyketone Va.

also a broad exothermic peak, in the range 200-320°C
showing T, character.

Studies of temperature dependence of the electrical
conductivity of polyketone Va over the range 300-500
K show that conductivity behavior follows a single-
term Arrhenius-type equation (straight line) and that
conductivity increases with increasing temperature
and has a value of 2.8 X 107* Q™' cm™" at 470 K with
an activation energy of 2.09 eV (Fig. 8).

The selected sample possesses conjugation (through
the aromatic moieties) and the iron in the ferrocene
exists in the Fe 2 states, in addition to the low value of
activation energy calculated for this sample. There-
fore, the mechanism of conductivity has the nature of
n-conduction, with electrons participating as charge
carriers for conduction as n-type semiconductors.”!
The electrical conductivity of a selected polyketone Va
and copolyketone VI was measured according to the
Arrhenius relation at room temperature, 300 K. The
results indicated that the virgin sample of organome-
tallic polyketone Va and copolyketone V possess elec-
trical conductivities values of 2.4 X 1077 and 3.1
X 107" Q7" em ™, respectively. This reflects the onset
of semiconductor behavior.

The electronic spectra of selected examples of polyk-
etones Va,d and copolyketones VI and VII were mea-
sured in DMSO solution. The UV spectra of polyk-
etones in Figure 9 showed a broad absorption band at
Amax 376 nm for polymer Va, at A, 419 nm for
polymer Vd, at A, 387 nm for copolyketone VI, and
at A, 389 nm for copolyketone VIIL. The appearance
of a broad absorption band in the UV spectra is attrib-
uted to the excitation of (m-7* and n-7*) for C = C and
C = O groups.
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Figure 9 The UV-visible spectra of polyketones Va,d and copolyketones VI and VI

The morphology of the synthesized polyketone
Vb in Figure 10a and b was examined by SEM
(Jeol-SM-5400 LV instrument). The SEM sample was

el TR

15kV X33@ S9rm PR@O11

ib)

Figure 10 SEM image of polyketone Vb.

prepared by evaporating a dilute solution of polyk-
etone on a smooth surface of aluminum foil and
coating it with gold-palladium alloy. The SEM
(Camera) with Ilford film at an accelerating voltage
of 15 kv was operated using a low-dose technique.”
The SEM study showed that the polymer has poly-
morphic globular and subglobular structures, which
appeared in a continuous chain with some coales-
cence present.

CONCLUSION

Two novel series of polyketones and copolyketones,
based on 2,6-bis (2-ferrocenyl)methylene cyclohex-
anone, were synthesized via the Friedel-Crafts reac-
tion. All polyketones and copolyketones were soluble
in concentrated H,SO,. Thermogravimetric analyses
showed that the copolyketones were somewhat less
thermally stable than their polyketone counterparts.
X-ray diffraction analyses indicated that most of the
polymers are semicrystalline. SEM images of poly-
ketone Vb indicated that their surfaces possess glob-
ular and aggregate structures.
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