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ABSTRACT: A series of condensation polymers (polyesters and polyamides) of ferrocene and siloxane derivatives
have been synthesized and characterized. Thusdi{¢chlorocarbonyl)ferrocene (CAFc) and four different siloxane
derivatives-1,3-bis(aminopropyl)tetramethyldisiloxane) (§Rx,»-bis(3-aminopropyl)oligodimethylsiloxane (AP),
1,3-bis(hydroxypropyl)tetramethyldisiloxane (kjPand 1,3-big§-hydroxyphenyleneazomethine-3-propyl)tetra-
methyldisiloxane (HB§—were used as monomers for this purpose. A model polyamide was prepared by
polycondensation of oxalyl chloride with APThis was analyzed as such or doped with ferrocene in order to
appreciate the influence of the ferrocene units by comparison with the corresponding copolymer containing
chemically linked ferrocene in the main chain. Thermal, mesomorphic, viscometric, and solubility behaviors of
the obtained compounds were studied. Molecular masses were estimated by GPC. The polymers were investigated
by cyclic voltammetry and UVvis absorption spectroscopy in order to evaluate the redox properties and
photochemical behavior.

Introduction Iron, by far the cheapest and most abundant transition metal
both in the crust of the earth and in the human and animal body,
is remarkable by versatility of its oxidation state, reduction
potential, coordination number, and spin state. The organome-
tallic chemistry of iron is dominated by complexes that contain
cyclopentadienyl and/or carbonyl ligantiBerrocene is known
as one of the most thermally stable organometallic compotinds.
" The other properties that the ferrocenyl groups introduce into
olymers have been investigatett.has been found that poly-
c%errocenyl)-based macromolecules are of interest for their useful
application in the chemical modification of electrodes, electro-
i - ) chemical sensors, and charge dissipation materials, which
The widespread utility of organosiloxane polymers has led provide protection with respect to ionizing radiation such as
to an increasing interest in modification of their properties by gectrons, materials for the construction of liquid crystals and
incorporation of various moieties in the polymer chain. The ngnlinear optical (NLO) systems, electronic devices, or chiral
chemical insertion of the metals in siloxane-based polymeric ligands for asymmetric catalysis. The magnetic properties of
structures constitutes a challenge for obtaining materials with ,yigized poly(ferrocenes) have attracted attentighPoly-

new properties, taking into account the polysiloxane’s unique- (farrocene) block copolymers also allow access to nanostructured
ness. Thus, as is well-known, the polysiloxane is one of the . .iarialst

most flexible polymers having low intermolecular forces, which Th N lecul i tai
are responsible for a low solubility parameter. They have very . Ere are many reports on macromolecutar systems contain-

low surface energies, and therefore the materials on their basig"Y the ferrocenyll moiety beside; highly flexible dimethylsi-
are widely used as coatings, mold-release agents, surfacéoxane and more rigid orgariicor silane sequences synthesized

modifiers, or separation membranes. The high free volume in IN 9eneral by transition-metal-c?geilyzed ring-opening polym-
the siloxanes, compared to hydrocarbons, confers a high gase&'zation of the ferrocenophahé? 12 %or by hydr-05|lylagt>|5?£12f
diffusion coefficient. Another important property of polysilox- vinyl-functionalized ferrocene with methyl-H-siloxanes:

anes is their exceptional stability against heat, oxidation, and ' "€ literature on the synthesis of siloxarferrocene macro-
UV radiation4 The high flexibility of the polymer backbone molecular systems by the polycondensation procedure is very
can cause changes in geometry of the polymer bound metalSCarcet’ To our knowledge, only one report discussed the
complex, which is an important parameter in the case of their Synthesis by polycondensation of siloxane-based polymeric
use as cataly§tTheir chemical and physiological inertness and structures in which the amide-linked ferrocenyl moieties are

high gas permeability makes them attractive in biomedigine. incorporated pendant or as a part of the polymer backbbne.
Like in the synthesis of ferrocene-containing polyamide and
. o ' polyester derived from various organic diols and diamiffes,
Petru Poni” Institute of Macromolecular Chemistry. the difunctional ferrocene derivative, namely'ifdrrocenedi-
* Chemistry Institute, Moldavian Academy. . . . . .
*To whom correspondence should be addressed. E-mail: mcazacu@ Carboxylic acid, was reacted with polysiloxanes end- or side-

icmpp.ro. functionalized with aminopropyl groug8 The same ferrocene

The incorporation of transition metals into a polymer chain
offers potential for the preparation of processable materials with
properties which significantly differ from those of conventional
organic polymers. The diverse range of coordination numbers
and geometries of the transition elements offers the possibility
of accessing polymers with unusual conformational, mechanical
and morphological characteristi®3.Such polymers are of
considerable interest in materials science because the presen
of the metal atoms can also impart unique redox, electronic,
optical, and magnetic propertiés.
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derivative is used in our paper as an intermediary for obtaining was sprayed onto a thin carbon film grown on collodium placed
siloxane-based polyamides and polyesters of the type on a copper TEM grids.
Gel permeation chromatographic analysis (GPC) was carried out
0 = on a PL-EMD 950 evaporative mass detector instrument by using
Il DMF as eluant after calibration with standard polystyrene samples.
@'C'X' R-X- Thermogravimetric measurements were performed in air at a
I heating rate of 10C/min in air using a Q-1500D System (F. Paulik,
Fe J. Paulik, Erdey).

ﬁ ! The DSC analyses were done on a Mettler TA DSC 12E

Instrument, with heating and cooling rate of 40/min.
— —in The magnetic properties were evaluated by using a homemade
magnetometer with vibrating sample, at an applied field of 70 kOe.

with X = O or NH and R= di- or oligosiloxane-containing The redox activity of the synthesized ferrocene-containing

linear sequences. polymers was investigated by differential pulse voltammetry using
We chose the polycondensation procedure because thisa Polarograph PA-3 in pulse differential regime (5 impulses/s) and

permits to use a large range of functionalized monomers. In an impulse amplitude of 25 mV. The scan rates 10—50 mV/s.

addition, model compounds can be obtained which to help in PMF was used as a solvent and 0.1 M solution of NaCd® the

the characterization of the polymers. It is expected that the electrolyte. The working electrade has been prepared from carbon

. . ) .~ fiber UMV-30 (1800°C, 30um in diameter).
presence of the internal polar functions (amide or ester) in o ) )
polymeric structures will influence some of the properties. The silicon content was determined according to an adapted

Th qinali ists of obtaining th i procedure? disintegration with sulfuric acid and ignition at 900
€ paper originality consists of obtaining the new siloxane  o¢ v, constant weight. Finally, the residue was treated with HF for

ferrocene polymers and evaluation of the influences of the three jjicon removal as SiFand then calculation by difference. The iron
main parameterssiloxane length, ferrocene content, and in- content was determined from the residue remained after silicon

ternal function type-on their properties. analysis, considering that 8 is formed.
. ) Procedures.Siloxane Deriative. Preparation of Bis-phenolic
Experimental Section siloxane-azomethine Macromer (HBS®.44 g (0.02 mol) of
Materials. Ferrocene, Fluka, mp 17274 °C. 1,1-Di(chloro- 4-hydroxybenzaldehyde and 2.48 g (0.01 mol) obAvere together

carbonyl)ferrocene, CICOCsH,—Fe—CsHs,—COCI (CAFc), was dissolved in 50 mL of methanol. The mixture was refluxed 9 h.
prepared by a three-step procedure starting from the ferrocene After partial solvent removing and cooling, the mixture was poured

according to methods described in the literait#&passing by 1,1 in a large water excess to precipitate the azomethine, which was
diacetylferrocene obtained by Friedlrafts acylation of the then separated by filtration, washed with warm water and petroleum
ferrocene (40% yield), followed by oxidation to :ferrocenedi- ether, dried, weighed, and analyzed. The azomethine was isolated

carboxylic acid (about 80% yield), and finally conversion to diacid as & yellow-brown film. Yield: 40%.

chloride by the treatment with oxalyl chloride (64.6% yield). The Polycondensation. Synthesis of the Siloxane-Containing Polymers
product recrystallized from petroleum ether resulted in form of red with/without Ferroceneln a well-dried one-necked flask equipped
crystals melting at 95100 °C. The presence in the IR spectrum with a magnetic stirrer and nitrogen inlet, diacid chloride (oxalyl

of the strong absorption band specific for carbonyl from-#@&OCI or ferrocene) was dissolved in freshly dried £&H for a solution
group at 1760 cm' is additional proof for compound formation.  of about 50 wt % concentration. ABr AP in molar ratio 1:1 toward
1,3-Bis(aminopropyl)tetramethyldisiloxane (§Psupplied by Flu- diacid chloride and pyridine in excess was added. The reaction
ka, was used as received,w-Bis(3-aminopropyl)oligodimethyl- mixture was stirred in ice bath for abb@ h and, until 24 h, at
siloxane (AP), having an average number molecular weight of 744, room temperature, although the chlorohydrate as a white precipitate
was synthesized according to the known procetiurg the bulk appeared just in the first-42 h. Finally, the reaction mixture was

equilibration reaction of octamethylcyclotetrasiloxane with 1,3-bis- filtered of in order to separate the pyridine chlorohydrate. The
(aminopropyl)tetramethyldisiloxane in the presence of a base, filtrate was repeated washed with water in separation funnel, dried
tetramethylammonium hydroxide (TMAH), as catalyst. 1,3-Bis- on anhydrous natrium sulfate, and filtered, and the solvent was
(hydroxypropyl)tetramethyldisiloxane (HPsupplied by ABCR removed by a rotavapor. The polymer was dried ovgDsHn a

GmbH & Co was used as received. 4-Hydroxybenzaldehyde (Fluka vacuum. An orange or dark-brown transparent film was obtained

AG) was recrystallized from water, mp 13417 °C. Oxalyl and characterized.

chloride, OC (Fluka), bp 6265°C, d;° = 1.5. Pyridine (Fluka) By using 1,3-bis(hydroxypropyl)tetramethyldisiloxane or 1,3-bis-
was used as received. Methylene chloride was dried by refluxing (p-hydroxyphenyleneazomethine-3-propyl)tetramethyldisiloxane as
over Cah and freshly distilled before use. a siloxane partner, in the same way, the properly polyesters as an

Equipment. The IR spectra were recorded on a SPECORD M80 orange viscous oil or film, respectively, have been obtained.
spectrophotometer. Th&H NMR and *C NMR spectra were  However, the polyesterification reactions occurred somewhat
recorded on a Bruker Avance DRX 400 spectrometer, using DMSO- slowly. Therefore, they have been led without cooling at room
ds or CDCk as solvents and tetramethylsilane as an internal temperature. The polymers were purified by reprecipitation with
standard. hexane from methylene chloride solution.

Electronic absorption spectra were measured using a SPECORD  preparation of the Siloxane-Containing Polyamide Doped with
M42 spectrophotometer with quartz cells of 1 cm thickness in Ferrocene (SAFd)0.302 g (1 mmol structural units) of siloxane-
different solvents. based polyamide without ferrocene, POA, dissolved in 10 mL of

UV irradiation was carried out with a 350 W mercury arc lamp  THF was mixed wih a 5 mLsolution containing 0.369 g (1 mmol)
at room temperature. The reduced viscosities of polymer solution of ferrocene in THF and stirred in the dark for about 3 h. Then,
(0.5% w/v) in NMP or NMP/CHOH mixture were determined at  the solvent was removed in a vacuum. The product resulted as a
25 °C using an Ubbelohde suspended level viscometer. light orange film with uniform, homogeneous aspect observed by

Polarized light optical microscopy (POM) observations were POM at a magnitude of 400. By TEM investigation, a diffraction
made with an Olympus BH-2 microscope (Japan), equipped with image consisting of bright spots that can be assigned to the
a THMS 600/HSF9I hot stage. monocrystals containing ferrocene was obtained (Figure 1). On the

Transmission electron micrographs were obtained on a TESLA basis of the microphotography, it can appreciated that a nanoscale
513 A electron microscope. Polymer, as a solution ca. 0.1% in THF, dispersion of ferrocene in polymeric matrix occurred. CDV
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Figure 1. TEM image of SAFd (inset: small area electron diffraction o CcH
pattern). I 3 3
Cl-C-C-Cl + HN-(CH));-Si-0-Si-(CH);-NH,
Scheme 1 |
CH, CH,
oH, o Pyl
HZN-(G-|2)3-S|i-O-S|i-(CH2)3N-|2 +2 HO@—HC=O
00 CH, CH
O O g cl‘,l NH - (CH sl, 3o Si 3CH NH
in refluxing methanol ~C-NH-(CHy),-Si-0- |I-( o)~
3 CH3 n
?H3 ?H3 ferricinium ion formation was observed when a stoichiometric
HO-@-H@N{CHz)a-?i-O-ISHCHZ);N%H@-OH quantity of pyridinium was added. Therefore, pyridine excess
CH, CH, was necessary.
To identify and explain the ferrocene contribution on certain
Results and Discussion properties of the siloxaneferrocene polymers, a model poly-

amide without ferrocene (SA) was synthesized, according to

Siloxane Derivative, HBS0A bis-phenol-containing siloxane Sch 3 Th i | Table 1 h ed
sequence and azomethine linkages was synthesized by conderBC eme 3. The resulting po ymers (Table 1) were characterize
y elemental analysis, viscometry, GPC, bYV¥is spectropho-

sation ofp-hydroxybenzaldehyde with 1,3-bis(3-aminopropyl)-
tetramethyldisiloxane in 2:1 molar ratio, reaction occurring in tometry (Table 1), DSC, POMH NMR, and IR spectra.

refluxing methanol, according to Scheme 1. This compound was 1 ne disiloxane-containing polyamide SAF1 is a solid. As the
prepared in order to use it as a polycondensation comonomer'e.ngth. of the chain betWt_aen thg ferrocene units increases (i.e.,
with 1,1-di(chlorocarbonyl)ferrocene. 0I|gOS|]oxane), the softenmg point of the polymer decreases and
Elemental analysis: Found (Calcd): C 62.8 (63.2), H 8.2 awa_xl_lke polymer, SAF2, is obtame_d. The polyester, even bas_ed
(7.9), N 5.9 (6.1), Si 12.9 (12.3). IR spectrum (KBr), cn on disiloxane sequences_(SEFl), is a liquid. When azometh_lne
1640 (CH=N), 1590, and 830 (aromatic). Significant modifica- 9roups are also present in the chain, the polyester (SEF2) is a
tions appear in théH NMR spectra of the bis-phenol azo- solid. These differences in the polymer aspect can be explamed
methine compared with the reactaritd. NMR, in DMSO, o by _the hydrogen b_onds developed in the polymers containing
(ppm): 9.7 ¢CH=N-), 8.1, 7.7, and 7.5 (aromaticH}, 3.4 amide or azomethine groups.
(Si(CHp),—CH2—N=C), 1.6 (S-CH,—CH,—CH,—N=C), 0.5 Elemental analysis values for silicon and iron contents in
(Si—CH2—(CH),—N=C), and 0.05 ((Ch),Si—0O). The product polymers were found in agreement with the proposed structures
is soluble in CHCJ, acetone, DMF, DMSO, THF, and NMP  (Table 1). These elements were chosen as the most reliable in
and insoluble in petroleum ether, benzene, and toluene. order to verify the structures because, as already rep&ttéd,
Synthesis of the Polymersin the present paper we prepared the other elements led to nonreproducible values. This was
polyamides and polyesters containing strictly alternating fer- explained by the ceramic product formation in the analysis
rocene units and siloxane sequences by polycondensation of th&¢onditions.
proper precursors in solution, at low temperature in order to  The obtained polymers were soluble in common organic
avoid undesirable side reactions. The difunctional ferrocene solvents as shown by the results presented in Table 2. Reason-
derivative was used as a diacid chloride for activation of the able values of the reduced viscosity, taking into account the
polycondensation process. The used siloxane precursors werg@resence of the highly flexible siloxane sequences, were
1,3-bis(3-aminopropyl)tetramethyldisiloxane (#Rx,w-bis(3- obtained. The number-average molecular madg) (values
aminopropyl)oligodimethylsiloxane (AP), 1,3-bis(3-hydroxypro- estimated by GPC were in the range 27#0@ 200 and poly-
pyl)tetramethyldisiloxane (Hfy, and 1,3-big§-hydroxyphenyle- dispersity index 1.22.1 (Table 1). The polycondensation
neazomethyne-3-propyl)tetramethyldisiloxane (HBSThe reaction occurrence was confirmed by IR spectroscopy. Thus,
polycondensations (Scheme 2) occurred in methylene chloridethe acid chloride &0 peak at 1760 cri disappears, coincident
as a solvent and pyridine as hydrochloric acid acceptor. The with the appearance of the amide or ester absorption bands. In
reactions have been proved to be effective and very fast. Thethe SAF1 spectrum (Figure 2a), a very strong carbonyl stretching
polyamidation reaction is almost instantaneous and exothermic,vibration is present at 1630 crhassigned as being an amide |
and therefore this was carried out in ice bath. However, the band. The amide Il band is evident near 1540 &and amide
polyesterification occurs somewhat slowly, and therefore, it has Ill band at 1285 cm!.24 In addition, ferrocene gpC—H
been performed at room temperature, without cooling. The stretching occurred around 3100 chnand asymmetric an%DV
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Figure 2. Representative IR spectra for polyamide SAF1 (a, unoxidized; b, oxidized form) and polyester SEF1 (c, unoxidized; d, oxidized form).

Table 1. Some Analytical Data for the Synthesized Ferrocene-Containing Polymers

elem anal., %, found/caléd GPC data
sample reactants 5Si Fe Nrea?solventd dL/g Mn | A, nm (in CHCE)
SAF1 CAFc+ APo 10.6/11.5 10.9/11.5 0.78/NMP MeOH 14200 1.2 442
SAF2 CAFc+ AP35 25.0/24.1 5.4/6.0 0.50/NMP 8800 1.3 437
SA OC+ APo 17.9/18.5 1.38/NMP 11800 2.1
SEF1 CAFct+ HPo 10.2/11.4 11.5/11.4 0.31/NMP 2700 1.1 453
SEF2 CAFct HBSo 7.8/8.1 7.9/8.1 0.64/NMP 5700 1.2 430

aCalculated for the presumed structural unit; uninvestigdt@&ktermined
analysis, considering that f; is formed.d Determined for a concentration

according to ref 23Determined from the residue remained after silicon
of about 0.5 g/@Measured in DMF, for a concentration of about 1 g/dL.

Table 2. Solubilities of the Obtained Polymer3

sample DMF THF DMSO CEDH CHCk acetone NMP CBCl
SAF1 + - + + + - + + -
SAF2 + + - + - + - - + + -
SA + + + - + + + +
SEF1 + + + + + + + +
SEF2 + + - + - + - - + +

a — insoluble;+ — partially soluble;+ soluble.

symmetric sp C—H stretching at 2950 and 2860 cty
respectively. The polyamide exhibited a broad, intenseHN
stretching vibration around 3300 cA¥® The polyester SEF1
showed the carbonyl absorption near 1715 tifFigure 2b).
For SEF2 the carbonyl absorption appears at 1700'cithe

polymers the characteristic absorption bands assigned to the
siloxane sequence 10860100 (SiO—Si), 800, 1260 cm!
(Si—CHj) are visible in the IR spectra.

IH NMR. As other authors have already observed in similar
studies!! the traces of paramagnetic impurities as result of

azomethine absorption band of polymer SEF2 at about 1640 oxidization of ferrocene to ferricinium derivative causes a

cmt and aromatic absorptions at 1600 and-8@60 cnt! were
also evidenced in the IR spectrum.

broadening of the peaks in NMR spectra. Thus, #HeNMR
spectrum of the polyamide SAF1 (in CD{Lkhows two broad

Supplementary bands appeared for carbonyl absorption forresonances for the two sets of cyclopentadienyl protons at-4.26

both ferrocene-containing polyesters (1780 éfor SEF1 and
1740 cm! for SEF2) and polyamides (1780 and 1715¢m
assigned to amide | and amide II, respectively), when ferricinium
ion is formed (Figure 2c,d). These shifts of thgC=0) band

to higher frequencies were justifiiby oxidation of ferrocenyl
moieties which inductively withdraws electrons from the amide
or ester groups directly attached to the cyclopentadienyl ring
and thus increases the strength of the=@ bands. For all

4.39 and 4.714.83 ppm, besides the protons frorCH,—
CH,—CH,—Si= at 3.16, 1.52, and 0.54 ppm andHg),Si= at
0.063 ppm. The amidic proton resonance is visible at about 8.0
ppm.

In polyester SEF1 the resonance for cyclopentadienyl protons
are still broader: 4.374.62 and 4.794.99 ppm. The signals
for methylene protons;-CH,—CH,—CH,—Si=, are assigned
at about 3.77, 1.70, and 0.59 ppm, respectively. The prot8|5§/



3790 Cazacu et al. Macromolecules, Vol. 39, No. 11, 2006

540 | 100 1

90 .
80 4 —— SEF2

- = = = SEF1

270 70

000 501
40 -

3400 400 500 600 A
30

(a) 20 1
10 1
0 — T T T T T T T T

0 100 200 300 400 500 600 700

% Weight

A~ 6 7 89 10

2345 Temperature, °C
Figure 4. Comparative TGA curves for the synthesized polymers.

g 1 at 315 nm and aromatic ring as an intense band at 257 nm.
During irradiation, the ferrocene band increases in intensity, the
shoulder becoming broader and faint. The same trend is also
found for the azomethine band.

For the sample SAF1 in chloroform solution, the absorbance
at 442 nm also decreases with irradiation time without isosbestic
points in spectra, and after 55 min, the absorption band at 442
nm became a shoulder. The absence of isosbestic points and

340.0 400 500 600 A this spectral pattern due to UV irradiation showed that during
(b) irradiation more photoprocesses can take place.
The spectral pattern of SAF2 in chloroform is similar to SEF2
Figure 3. UV—vis spectra for (a) SEF1 in CHE(L, initial sample; sample. In contrast to the chlorinated solutions, the sample SEF1

2,3, 4 5|' ifr%d";tzglaﬁe&'\jpmi{". 1.t2. lmi”f ZIO I”Z“”é i”ds 7(? 7”"21 irradiated in aprotic dipolar solvents exhibit a different spectral
sraeslpoeﬁtrlr\.{a%i)gfe(d)after 15'2 30's (1 rr|1r|1r|1 '% ri?r:n%erhin' 51 min. 40 min pattern. With increased irradiation times, the spectral curves
67 min, and 94 min, respectively). ’ ' ’ " display an increased absorption throughout the spectral region

under study. Thus, after 2 min of irradiation the absorption band

resonance from (8B3),Si= groups is visible at about 0.075 ppm. ~ at 438 nm for SAF1 in NMP solution becomes shoulder (Figure
The 'H NMR spectrum for SEF2 reveals in addition signals at 3b). At high irradiation times new absorption bands were
8.3-8.1 ppm for CH=N— and 7.2-6.8 ppm for aromatic CH. ~ developed at about 510 and 660 nm, res_pect|ve_ly. This process
(CH,),—CH,—N=C) are visible at 3.93.7 ppm compared to  chemical behavior, it can be appreciated that the photochemical
2.7-2.4 ppm for (Si(CH),—CH,—N=C) in 1,3-bis(3-amino- response is more slowly for polyesters that for polyamides.
propyl)tetramethyldisiloxane. The ratios of the resonances have Following the molecular weight values before and after UV
the expected values. irradiation it could be appreciated that some degradation occurs.

UV—vis absorption spectra reveal the presence of the For example, after irradiation for 1 h, thé, value of SEF2
absorption band at about 43@50 nm (Table 1) assigned to decreased from 5600 to 4800. However, more complex pro-
d—d electronic transitions of the ferrocenyl groups in polyn#érs. ~ cesses may occur under UV irradiation, which would require

The photobehavior of the synthesized polymers was studied thorough investigation.
in different solvents (chloroform, dimethylformamidé\- The thermal stability of the copolymers was evaluated by
methylpyrrolidone) following the modifications occurring in the  thermogravimetric analysis (TGA) performed in air at a heating
intensity of the absorption band at 44850 nm during UV light rate 10°C/min. The curves are shown in Figure 4, most of them
irradiation. The UV irradiation of SEF1 in chloroform solution revealing a multistage process, as was also emphasized by Souza
determines the decrease of the absorbance at 453 nm (Figuret al.?8 who investigated the thermal degradation of some
3a). In the first stages of the photoprocess, two isosbestic pointsferrocene-containing polyamides.
can be observed at 436 and 503 nm, respectively. At the same A general trend that can be observed from the TGA data is
time, the maximum of this absorption band exhibits a shift to that the polymers having amide-linked ferrocenyl moieties are
shorter wavelengths, and a new absorption band is developednore stable than the polyamide without ferrocene because of
at about 640 nm due to the ferricinium cation formed during the increased thermal stability induced by the linked ferrocene
irradiation. As a result, at higher irradiation times, the absorption presence. The thermal stability decreases when the siloxane
curves do not intersect the others in the two isosbestic points.sequence length increases. Therefore, we could assume that the
By keeping the solution for 15 days at room temperature, no siloxane part is the first to decompose in these compounds. The
modification occurred in the absorption spectrum. polymer with ester-linked ferrocenyl moieties is less stable than

In electronic absorption spectra of SEF2 in chloroform, the the polyamide. The hydrogen bonding between amide linkages
ferrocene absorption band appears as a shoulder at 430 nmin the polyamides can explain this behavior. The same good
besides those characteristic for azomethine group, as a shouldethermal stability can be also observed in the case of the pon&%Q}
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(b)

Figure 5. POM microphotographs, crossed polarizers, 20qa) SA, 62°C; (b) SAF1, 146°C; (c) SEF2, 83C.

Table 3. Main Thermogravimetric Data for the Synthesized

Polymers
sample Ti? Tac? TP % residue d-SEF2
SAF1 330 538 673 42
SAF2 268 424 655 42 c-SAF1-run i
SA 302 370 535 11 \_,//
SAFd 146 255 599 18
SEF1 221 302 473 23
SEF2 330 517 >700 39
. R b-SAF1 (runl)
aTemperature for 10% and 40% weight loss, respectivefinal
decomposition temperaturélncomplete decomposition.
having azomethine beside ester linkages where the hydrogen 1
bonding is also possible. The free ferrocene presence in doped a-SA
polyamide, SAFd, has as a result a decrease in the thermal Exo Toc

stability relative to the simple polyamide, SA. In this case, the T 160 o0 200
ferrocene probably catalyzes the thermal decomposition of _ ) ) . .
polymer2? gggrle 6. DS((j:r?catr)s of SA, flcrjstsré?:aétlr}g ('?)h’ S?Fl, grst heating (b),
Some data derived from TG curves are shown in Table 3. + second heating (c), an - first heating (d).
The TGA residues in air present magnetic properties. For
example, the magnetization, of the TGA residue for the SAF1
sample at an applied field of 70 kOe is 14 emu/g. We will
investigate the magnetic properties of the thermally treated
polymers in a further paper.

by POM: T4 50°C, Ty 75°C, Ti; 108°C. The same observation

was made on cooling; i.e., the sample did not organize at the
usual cooling rate. However, when observed after a few days,
the sample was crystalline, which shows very slow ordering.

Mesomorphic Properties The thermotropic LC behavior of The redox a_ctivity_of the synt_hesize(_j ferrocene-containing
polyamides SA and SAF1 and polyester SEF2 was investigatedP°lYMers was investigated by differential pulse voltammetry.
by POM and DSC. A good correlation for the main transition Al studied polymers exhibited a single quasi-reversible
temperatures, i.e., melting,{) and clearing (isotropizatior;,), oxujagon process, suggesting that the o>§|dat|on pf all ferrocenyl
was obtained by the two methods. moieties occurred at the same pote_nt|al. An |IIus_trat_|ve dif-

SA (without ferrocene) melted at 69C and exhibited a ferential pu_lse cycllc_ voltammogram is presented in Figure 7.
texture with schlieren disclinations, as shown in Figure 5a. The [N the anodie-cathodic scan, the anodic current was higher than
clearing process was rather slow both in POM observations andthe cathodic one. However, the two currents became equal in
in DSC (first heating scan) and was completed at 185as intensity in the cathodieanodic scan. A p053|blr_e explanation
can be seen in Figure 6a. On cooling, the sample did not would be an autocatalyzed spontaneous reduction process from

organize completely, although the same texture was observed € t0 F€" because of the higher stability of the reduced form

the next day in some areas of the preparation. in comparison with the oxidized one.
The ferrocene-containing polyamide SAF1 exhibited higher ~ The detection of a single reversible oxidation wave indicates
transition temperatures, as presented in Figure 66,85 °C, that in these polymers the iron centers are essentially nonin-

Tm 120°C, Ti; 175°C (190-200°C by POM). The POM did teracting. Such behavior has already been reported for some
not reveal a classical texture in the LC phase, as shown in Figureferrocene-containing polymers in which, as in our case, the
5b, and no birefringence was noticed on cooling. redox-active centers are separated from one another by large
As can be seen from the chemical structure of the two Silicon-containing chains with insulating organic uris.
polyamides, they do not contain mesogenic groups; nevertheless, The main electrochemical data for some synthesized polymers
they showed crystalline order and melting birefringence in POM. are presented in Table 4. In the systems having linked ferrocenyl
On the other hand, the polyester SEF1, with similar constituent units, theAE conversion potential value is dependent on both
segments as SAF1, is an isotropic liquid at room temperature.the length and nature of the bridge between the metal centers,
This quite different behavior could be due to the strong as has already been obser#étowever, between polyamides
intermolecular H-bondings in polyamides, which provide a SAF1 and SAF2, which differ by the siloxane sequences length,
supramolecular assembly. very close values foAE were obtained. This can be explained
The polyester SEF2 revealed a fine granular texture in molten by the fact that the disiloxane segment is enough to completely
state on POM observation (Figure 5c), and rather low transition impede ferrocene units interaction so that the increase of the
temperatures, as observed by DSC (Figure 6d) and confirmedsiloxane segment cannot additionally influence the reg%
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Table 4. Differential Pulse Voltammetry Data for Some Ferrocene-Containing Polymers

sample EpS, mV Ep2 mV AEp, mV AEQ2, mV 15, mA/(g/mL) 1,3 mA/(g/mL)
SAF1 880+ 20 938+ 20 60+ 20 188+ 10 0.11+0.01 0.34+ 0.01
SAF2 880+ 20 960+ 20 80+ 20 175+ 10 0.09+ 0.01 0.28+ 0.01
SAFd 553+ 15 677+ 15 124+ 15 338+ 10 0.56+ 0.01 0.52+ 0.01
SEF1 1114+ 10 1193+ 10 79+ 10 288+ 10 0.12+ 0.01 0.23+0.01
SEF2 1000t 10 1100+ 10 100+ 10 275+ 10 0.14+ 0.01 0.39£ 0.01

aEyS, 1, = potential, current cathodic valuds?, |,2 = potential, current anodic valueSE, = Ep2 — E°. AE/2 = width of anodic peak at its semiheight.

0.938V in their oxidized forms onto electrode surfaces. This is illustrated
by decreasing both anodic and cathodic currents after repeated
cycles (Figure 6¢). Such behavior (the ferrocene adsorption on
the electrode) was not observed in the case of doped polyamide,
SAFd.

Conclusion

Some new linear polymeric structures containing amide or
ester-linked alternating siloxane sequences and ferrocene units
in the backbone have been synthesized and characterized. All

0.903 v polymers are soluble in common organic solvents and have high
values of the reduced viscosity compared to other polymers
1 N containing highly flexible siloxane sequences.
/ t The ferrocene units confer high thermal stability and redox
\ activity. The siloxane units improve solubility and decrease the

transition temperatures. The presence of ester, amide, or
azomethine internal functions influences most of the copoly-

0.5V 05V mer's behaviors (thermal, mesomorphic, photochemical, and

@ (b) () redox); thus, the linkage type between the two comonomer units

Figure 7. Differential pulse voltammograms of polymer SAF1 at a Can be used as a parameter in designing compounds with desired
glassy carbon rod electrode in DMF/0.1 M NaGl®olution: (a) properties. The electrochemical behavior of the synthesized
anodic-cathodic scan; (b) cathodi@nodic scan; (c) repeated anodic ~ polymers suggests their potential application in the chemical

cathodic scan. modification of the electrodes.
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