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Abstract: The poly(ferrocenylethylene)s
[Fe(n-C;H,RCH,),], S5a and 5b (a:
R =H, b: R = Me) have been prepared
by thermal ring-opening polymerization
of the corresponding strained hydrocar-
bon-bridged [2]ferrocenophanes [Fe(n-C-
H,RCH,),] (4a and 4b). An X-ray dif-
fraction study of 4a indicated significant
strain. Polymer Sa was crystalline and in-
soluble in common organic solvents and

10*, M, = 8.6 x 10* for the high molecu-
lar weight fraction, M, = 4.8x103,
M, =3.5%x10 for the oligomeric frac-
tion), suggesting two polymerization
mechanisms. The UV/visible spectrum
implied a localized structure for the poly-
mer backbone. Cyclic voltammetry re-
vealed that 5b undergoes two reversible
oxidations in CH,Cl, solution at —0.25
and —0.16 V. The redox coupling is in-

mogravimetric analysis indicated that 5a
and 5b are thermally stable to ca. 300~
350 °C under N,. At higher temperatures
they yield ferromagnetic iron carbide ce-
ramics 6a and 6b (ca. 50% and 32 %, re-
spectively, at 600 °C) together with molec-
ular depolymerization products. The
reaction of 5b with tetracyanoethylene
(TCNE) yielded insoluble and soluble ox-
idized products 11 and 12, which differed

was characterized by solid-state '3C
NMR. Polymer 5b, which was soluble in
organic solvents, was characterized by 'H
and **C NMR, UV/visible spectroscopy
and elemental analysis. Its molecular
weight distribution was bimodal (gel per-
meation chromatography: M, = 9.6x

Introduction

Transition-metal-based molecular and oligomeric materials and
their associated charge-transfer salts are of considerable current
interest for their redox chemistry and solid-state properties.*- %1
Transition-metal-containing polymers are also attracting grow-
ing attention as a consequence of their advantageous process-
ability, their physical and catalytic properties, and their poten-
tial use as ceramic precursors.® 1% However, until recently
progress in this area has been sericusly impeded by the lack of
viable synthetic routes to high molecular weight examples of
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dicative of only a small degree of interac-
tion between the iron centres.

- Keywords
. ceramics » fefrocenes
properties: - polymers.

in the degree of oligomerization of the
TCNE]™ counterions. These products
were characterized by IR, elemental anal-
ysis, ESR spectroscopy, and magnetic sus-
ceptibility measurements. The last re-
vealed the presence of significant anti-
ferromagnetic interactions in 12.

Ther-

iron - magnetic

these materials. With this in mind, we reported the discovery
that strained [1]ferrocenophanes with a single silicon atom in the
bridge, such as I, undergo thermal ring-opening polymerization
(ROP) to yield high molecular weight poly(ferrocenylsilane)s 2
(Scheme 1).141) We have subsequently shown that the corre-
sponding germanium-,'*? phosphorus-,113! sulfur-,""*! and tin-
bridged** [1]ferrocenophanes also polymerize thermally to
yield high molecular weight poly(ferrocene)s.'®! Recent re-
search has focussed on detailed studies of the synthesis and
properties of these interesting materials.lt7 31!

Polymerizable [1]ferrocenophanes possess strained structures
in which the planes of the cyclopentadienyl (Cp) ligands are
tilted by ca. 14—31° relative to one another.l'3~13:32737 How-
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Scheme 1. Thermal ring-opening polymerization of a strained [1}ferrocenophane 1
with a single bridging silicon atom to yield poly(ferrocenylsilane) 2.
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ever, our attempts to extend the ROP methodology to the disi-
lane-bridged [2]ferrocenophane 3 were unsuccessful.[*®! This
was explained by the lower degree of ring strain present in this
species, which is reflected by the very small tilt angle of
4.19(2)°.13%-3%1 A5 part of our strategy to increase the polymer-
izability of [2]ferrocenophane systems, we studied the ROP
chemistry of [2]ferrocenophanes with a hydrocarbon bridge
4a,b. These species were prepared by the reaction of the dilithi-
um reagents Li,[C;H,RCH,], (R = H, Me) with FeCl, in THF.
As illustrated by the previously determined structure of 4c,

| SiMe, / CR,
Fe I
Fe CR,
QJ>>/SiMez C?/>9
i
3 4a R'=H, R=H
4b R'=Me, R=H
4c R'=H, R=Me -

which possesses a Cp ring tilt angle of ca. 23°,14%1 these species
are significantly more strained than 3 because of the smaller size
of carbon relative to silicon. We subsequently reported that
these hydrocarbon-bridged [2]ferrocenophanes undergo ther-
mally induced ROP to vield poly(ferrocenylethylene)s Sa and
5b (Scheme 2).141- 421 We found that the analogous [2]rutheno-
cenophanes also polymerize when heated.!4

CR
~CRy

CRa 300°C
CR,
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by
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4a R'=H, R=H
4b R'=Me, R=H

5a R'=H, R=H
5b R'=Me, R=H

Scheme 2. Ring-opening polymerization of hydrocarbon-bridged [2]ferroceno-
phanes to yield poly(ferrocenylethylene)s 5a and 5b.

In this paper, we report full details of our work on the ROP
of hydrocarbon-bridged [2}ferrocenophanes, and the characteri-
zation and properties of the resulting polymers. We also describe
studies of the charge-transfer salts derived from the oxidation of
poly(ferrocenylethylene)s. Although the electrochemistry of
polymers with ferrocene units in their main chain has been the
subject of several studies, few recent investigations have been
made involving chemical oxidation of such polymers. Brandt
and Rauchfuss have reported briefly that bromine oxidizes car-
bon disulfide solutions of high molecular weight poly(ferro-
cenylene persulfide) [Fe(y-C;H,nBu)(n-C;H,)S,] to yield a sol-
uble black material of approximate formula [Fe(y-C;H,-
nBu)(n-C;H,)S,],Bry 5.’ Pannell, Diaz and coworkers have
used UV/vis spectroscopy to study the oxidation of high molec-
ular weight poly(ferrocenyldialkylsilane)s by iron(mr) chlo-
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ride.128) We have reported similar studies with FeCl, and, in
addition, iodine and o-quinone oxidants and have shown that
1,-oxidized samples of the high polymer 2 are localized on the
>7Fe Mdssbauer timescale at room temperature.[**! In a recent,
particularly intriguing study by Garnier et al., the oxidation
reactions of the low molecular weight oligo(ferrocenyl-
dialkylsilane)s with tetracyanoethylene (TCNE) in dichloro-
methane were reported to yield dark precipitates; in each case
analysis indicated these precipitates contained one TCNE per
monomer iron unit, and 3"Fe Mdossbauer data showed they
contained a mixture of Fe' and Fe'! sites, which were localized
at 80 K and in rapid exchange at room temperature.?” Al-
though IR data assigned to neutral and ionic polymer units were
reported, the C=N stretches of the cyanocarbon counterions
were not discussed. The authors interpreted the magnetic data
as indicative of both ferromagnetic and spin glass behaviour.
This is quite surprising given that one would expect the first
oxidation potentials of these materials to be close to those of
ferrocene and the fact that ferrocene forms a complex with
TCNE, which only dissociates to ionic species in polar solvents.
The observation of room-temperature Mossbauer detrapped
behaviour in this class of bridged metallocene system is also
highly unusual.

We have recently described the oxidation reactions of a num-
ber of high molecular weight poly(ferrocenylsilane)s with
TCNE, 5! which were carried out in analegous fashion to those
described by Garnier et al.”>" Poly(ferrocenylsilane)s lacking
ring methylation gave no reaction with TCNE; this contrasts
with the results reported by Garnier et al. for apparently
analogous low molecular weight oligomers. However, cyclopen-
tadienyl methylated polymers did react with TCNE, consistent
with the effect of methylation upon their oxidation potentials.
IR spectroscopy showed unusual cyanocarbon anions to be
present. In this paper we also describe the analogous reaction
between poly(ferrocenylethylene)s and TCNE.

Experimental Section

Materials: Dicyclopentadiene, methylcyclopentadiene dimer, hexamethyl-
phosphoramide (HMPA) and 1,2-dibromoethane were purchased from
Aldrich and were distilled before use. Iron(m) chloride (Aldrich), sodium
metal (Aldrich), 1.6M #BuLi in hexanes (Aldrich), PtCl, (Strem) and plat-
inum divinyltetramethyldisiloxane complex in xylene (United Chemical Tech-
nologies) were used as received. Bis(cyclooctene)rhodium(r) chloride
dimer™®! and the dilithium salts Li,[MeC,H,CH,], and Li,[C;H,CH,],"*”
were prepared by literature methods. TCNE (Aldrich) was purified by
vacuum sublimation.

Equipmeynt: All reactions and manipulations were carried out under an atmo-
sphere of purified nitrogen either by means of Schlenk techniques or in an
inert-atmosphere glovebox (Vacuum Atmospheres), except for the purifica-
tion of the polymers 5a and 5b, which was carried out in air. Solvents were
dried by standard methods, distilled, and then stored under nitrogen over
activated molecular sieves. The 200 or 400 MHz 'H NMR spectra and 50.3
or 100.5 MHz 3C NMR spectra were recorded on a Varian Gemini 200 or
Unity 400. NMR chemical shifts were referenced to residual protonated
solvent peaks. Solid-state *3C NMR spectra were obtained with a Chemag-
netics CMX 300 spectrometer equipped with a Chemagnpetics magic angle
spinning probe doubly tuned to the resonance frequencies of *3C (75.3 MHz).
Samples were spun in a 7.5 mm o.d. zirconium rotor at a spinning rate of
6000 Hz. A single-contact cross-polarization technique was employed with a
contact time of 5 ms and proton decoupling during the signal acquisition. The
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proton radial frequency field strength was 50 kHz. Spectra were acquired
with a sweep width of 50 kHz, a data size of 2 Hz and a recycle delay of 5s.
All chemical shifts were referenced to external TMS. Room-temperature *’Fe
Méssbauer spectra were obtained by means of a Ranger Scientific Inc. VT-
1200 instrument with a MS-1200 digital channel analyzer. The y source was
a 6 mCi °7Co sample supplied by Amersham. The data were collected in
a—158mms™*! to +15.8 mms ™" range and referenced to Fe foil and pro-
cessed as described previously. Mass spectra were obtained with the use of a
VG 70-250S mass spectrometer operating in Electron Impact (EI) mode.
Molecular weights were estimated by gel permeation chromatography (GPC)
on a Waters Associates liquid chromatograph equipped with a 510 HPLC
pump, U6K injector, ultrastyragel columns with a pore size between 10°—
10° 10\, and a Waters 410 differential refractometer. A flow rate of
1.0 mLmin~! was used and samples were dissolved in a solution of 0.1 %
tetra-n-butylammonium bromide in THE Ten samples of monodisperse
polystyrene in the range M, =10°—10° were used as standards for calibration
purposes. Elemental analyses were performed by Canadian Microanalytical
Service, Delta, B. C (Canada) and Quantitative Technologies, Whitehouse,
NJ (USA) or by the Analytical Department of the Inorganic Chemistry
Laboratory, Oxford (UK). UV/Visible spectra were recorded on a Hewlett—
Packard 8452 A Diode Array Spectrophotometer with a 1 cm quartz cell: the
¢ values quoted have the units Lmol ™ *e¢m ™! and for the polymers are per
repeat unit. IR spectra were recorded on a Mattson Intruments Polaris spec-
trometer.

A Perkin—Elmer DSC-7 differential scanning calorimeter equipped with a
TAC7 instrument controller was used to study thermal behaviour. The ther-
mograms were calibrated with the melting transitions of decane and indium
and were obtained at a heating rate of 10°Cmin~! under dinitrogen. A
Perkin—~FElmer TGA-7 thermal gravimetric analyzer equipped with a TAC7
instrument controller was used to study polymer thermal stability. The ther-
mograms were calibrated with the magnetic transitions of Nicoseal and
Perkalloy and were obtained at a heating rate of 10 °Cmin~! under dinitro-
gen.

Electrochemical experiments were carried out on a PAR model 273 poten-
tiostat with a Pt working electrode, a W secondary electrode, and an Ag wire
reference electrode in a Luggin capillary. Polymer solutions were 5x 107 >M
in CH,Cl, with 0.1 [Bu,N}[PF] as supporting electrolyte. Peak currents
were found to be proportional to the square root of the scan rate over the
range studied (25 to 1000 mVs™*!); this indicates that charge transfer is similar
to a semi-infinite linear diffusion process.

Wide-angle X-ray scattering data were obtained with a Siemens D 5000 dif-
fractomer employing Ni-filtered Cuy, (A =1.54178 A) radiation. The samples
were scanned at step widths of 0.02° with 1.0 s per step in the Bragg angle
range of 5—90°. Samples for the X-ray studies were prepared by spreading the
finely ground polymer on grooved glass slides.

High-resolution SEM with EDX and BEI were carried out by Imagetak
Analytical Imaging. Errors in the compositional values obtained are consid-
ered to be +5% for Fe and +10% for C. XPS data was collected on a
Leybold MAX 200 instrument. Values obtained are based on the integration
of the peaks Fe (2p, 3/2, 708.1 eV) and C (15, 284.6eV).

All pyrolyses were carried out under an atmosphere of prepurified nitrogen
in a 36” 3-zone Lindberg Pyrolysis Oven (Model 55035) with a 1°/,” internal
diameter and Thermcraft control system Model 3D 1-50-115 (UP27) with
type K thermocouples and independent temperature control. A program was
created that ramped to the desired temperature over a 1 h period. Polymer
samples were loaded in quartz boats, 2 x '/, x /,”, and inserted into quartz
pyrolysis tubes 36" long with a 1” external diameter, equipped with quartz
liners 32" long with a 1" external diameter. Magnetization measurements
were performed with a Quantum Design SQUID magnetometer.

ESR measurements were performed in high purity Spectrosil™ quartz tubes
with an X-band Varian spectrometer; peaks were referenced by means of a
microcrystalline sample of 1,1-diphenyl-2-picrylhydrazyl. Solid-state magnet-
ic susceptibilities were measured on samples loaded in gelatin capsules with
a Quantum Design MPMS-7 SQUID magnetometer, operated at fields of
01T

Synthesis of the [2]ferrocenophane 4a: A solution of Li,[C;H,CH,], (0.35g,
2.07 mmol) in THF (40 mL) was added dropwise to a suspension of FeCl,
(0.26 g, 2.07 mmol) in the same solvent (40 mL) at —78°C. The reaction
mixture was stirred at this temperature for 3 h and was then allowed to warm
to room temperature over a 12 h period. Following solvent removal in vacuo,

dark red microcrystalline 4a was isolated and purified by vacuum sublima
tion (80°C, 10 mmHg). Yield 0.285¢ (65%); m.p. 120°C; HNMIE
(200 MHz) (C,Dg): 6 =4.6 (t, 4H, Cp), 3.9 (t, 4H, Cp), 2.6 (s, 4H
CH,CH,); 3C NMR (C(Dy): 8 = 91.2 (ipso, Cp), 68.8, 72.9 (« and SCp)
341 (CH,CH,); UV/Vis (THF): A, =474 (g, =450), A, =268 (sh
&, = 2250), Ay = 220 nm (g5 =18500M~ *em ™ 1); MS (EL 70 eV): mje = 21
(M*,100%); elemental analysis for C, ,H ,Fe: caled. C 67.9, H 5.6 % ; foun
C 679, H 5.7%.

Synthesis of the [2]ferrocenophane 4b: A solution of Li,[C H,(CH,;)CH,]
(0.50 g, 2.52 mmol) in THF (40 mL) was added dropwise to a suspension o
FeCl, (0.32 g, 2.52 mmol) in the same solvent (40 mL) at —78 °C. The reac
tion mixture was stirred at this temperature for 3 h and was then allowed t
warm to room temperature over a 12 h period. Following solvent removal i1
vacuo, 4b was isolated as a viscous red oil and purified by vacuum distillatior
(120°C, 10 mmHg). Yield 0.45 g (74%). MS (Ei, 70 eV): m/e = 240 (M *
100%), 225 (M " — CHj;, 45%); 'HNMR (200 MHz, C,Dy): 6 = 4.4-4.
(brm, 3H, Cp), 3.7-4.1 (brm, 3H, Cp), 2.5-2.7 (s, 4H, CH,CH,), 1.7-2.
(s, 6H, Me); "*C NMR (100.5 MHz, C4Dg): 6 = 85.6-91.5 (ipso, Cp), 67.0-
80.7 («, fCp), 32.3-34.8 (CH,CH,), 13.9-15.5 (Me). Because of the exis
tence of different isomers the NMR spectra of 4b consisted of numerous (>7
peaks in the regions indicated. UV/Vis (THF): 2, = 470 (¢, = 456), 4, = 26
(sh, &, = 2350), 2, = 218 nm (&, =18900M ‘cm™1). '

Ring-opening polymerization of 4a and 4b; synthesis of the poly(ferro
cenylethylene)s Sa and Sb: Polymers 5a and 5b were prepared similarly anc
the general synthesis is illustrated by that of 5b.

A sample of 4b (1.00 g, 4.2 mmol) was allowed to polymerize in an evacuated
sealed Pyrex tube at 300°C for 1 h. The tube contents became molten anc
rapidly more viscous and, after 1 h, completely immobile. The polymeri
product was dissolved in THF (40 mL) over 1 h and the resulting solutios
concentrated to 5mL. This was then added dropwise to a large excess o
methanol to yield 5b as a mustard-coloured solid. Yield 0.95 g (95%). Afte
multiple precipitations from THF into methanol, the yields of purified 5!
were generally in the range of 80—95%. Polymerization times varied but wer
usually 45 min-1 h. In some cases the polymer product was yellow-brown
particularly in cases where heating lasted for > 1 h. This is probably a conse
quence of small amounts of thermal decomposition (see polymer pyrolysi
experiments below).

5a: Yellow-brown insoluble material, which was obtained in the form of filn
directly from the polymerization tube. Solid-state '3C CP-MAS NMR
& =90.3 (ipso; Cp), 70.1 (o, pCp), and 37.0 (CH,CH,). Polymer 5a wa
extracted with hot CH,Cl,. Mass spectrometric analysis of the soluble mate
rial from the light orange solution identified the cyclic oligomer:
[Fe(CsH,CH,),) x = 2-5): MS (EI, 70 eV): mfe =1060 (x = 5, 18 %), 84
(x =4, 15%), 636 (x =3, 32%), 424 (x =2, 100%), 212 (x =1, 90%)
Soxhlet extraction of polymer Sa in THF for 72 h was successful in producing
a small amount of soluble material as a mustard-yellow fibrous powder
'HNMR (200 MHz, C,Dy): § = 3.6-4.1 (br, 8H, Cp), 2.3-2.8 (br, 4H
CH,CH,); GPC for THF-soluble extract: for first fraction, M, = 8.1 x 10*
M, = 6.6 x10%, polydispersity =1.2. For second fraction, M, = 4.8 x 10°
M, = 3.5x10%, polydispersity =1.4.

5b: Mustard-yellow to yellow-brown fibrous powder *H NMR (200 MHz
CeDg): & =3.6—4.1 (br, 6H, Cp), 2.3-2.8 (br, 4H, CH,CH,), 1.6-2.1 (br
6H, Me); *C NMR (100.5 MHz, C,D): § = 83.3-88.5 (ipso, Cp), 67.0-
72.5 (¢, BCp), 31.4-33.4 (CH,CH,), 13.9-15.5 (Me). Because of the exis
tence of different isomers, the 3C NMR spectra of 5b consisted of numerou:
(>7) peaks in the regions indicated. The resonances for the different isomers
were unresolved in the 'HNMR spectrum. GPC: for first fraction, M, =
9.6x 10*, M, = 8.6 x 10*, polydispersity =1.1. For second fraction, M, =
48 x10°, M, =3.5x10%, polydispersity =1.4. UV/Vis (THF): 1, = 44(
(e, =190), A, = 268 (sh, &, = 3000), 4, =218 nm (g5 = 20000M 'cm ™),
elemental analysis for C, ,H, ;Fe: caled. C 70.0, H 6.7; found C 69.8, H 6.8 %

Mechanistic investigations of the ring-opening polymerization of 4b:

a) Influence of polymerization time on the molecular weight distribution:
Sealed Pyrex tubes containing 4b (0.2 g) were heated at 300°C for
i} 15 min, i) 30 min, iii) 45min, iv) 1 h, v) 1.5k and vi) 2.5h, at which
time the contents of each tube were examined by GPC in THF. i) The tube
contents were free-flowing and GPC analysis showed no signs of a substantial
molecular weight fraction (M, >1000). ii) After 30 min the tube contents



FULL PAPER

I. Manners, D. O’Hare et al.

were viscous and mobile and GPC analysis showed that the polymer present
possessed an approximate weight-average molecular weight (M) of 8.0 x 10*
and a number-average molecular weight (M,) of 6.6 x 10* with no substantial
lower molecular weight oligomeric fraction. iii) After 45 min the tube con-
tents were immobile and GPC analysis showed a broad bimodal molecular
weight distribution: for the high polymer fraction, M, = 8.1 x10%,
M, = 63x10% polydispersity =1.3, and for the oligomeric fraction,
M, =48x10%, M, = 3.5x 103, polydispersity =1.4. iv) After 1 h the tube
contents were immobile and GPC analysis showed a broad bimodal molecu-
lar weight distribution. GPC for the polymeric fraction, M, =7.8 x 10%,
M, =62 x10*% polydispersity =1.3; for the oligomeric fraction: M, =
3.8x10%, M, = 2.7 x 10%, polydispersity =1.4. v) After 1.5 h the tube con-
tents were immobile and slightly darkened in colour and GPC analysis
showed a broad bimodal molecular weight distribution. GPC for the poly-
meric fraction: M, =7.8 x 10%, M, = 6.2 x 10*, polydispersity =1.3; for the
oligomeric fraction: M, =5.5x10%, M, = 3.5x 103, polydispersity =1.6.
vi) After 2.5h the tube contents were immobile and contained a small in-
soluble fraction (ca. 5%). GPC analysis of the soluble portion showed a
broad bimodal molecular weight distribution. GPC for the polymeric frac-
tion, M, = 2.1 x 10*, M, =1.6 x 10*, polydispersity = 1.3; for the oligomeric
fraction, M,, =1.7x 103, M, =1.2 x 103, polydispersity =1.4.

b) Influence of heating on the molecular weight distribution: In order to deter-
mine whether the lower molecular weight fraction is produced as a result of
thermal decomposition of the polymer, a tube containing a purified 0.1 g
sample of polymer 5b was heated for 1h at 300°C. Analysis of the tube
contents after this time by GPC showed no significant change in the molecu-
lar weight or in the molecular weight distribution.

Attempted transition-metal-catalyzed ROP of 4a: To a solution of 4a (20 mg,
0.09 mmol) was added bis(cyclooctene)rhodium(I) chloride dimer (=2 mg) in
CgDy. This mixture was stirred under nitrogen for 48 h with constant moni-
toring of the reaction by *HNMR spectroscopy. Analysis of this mixture
after 48 h showed that no reaction had occurred and no signs of insoluble 5a
were apparent. A 'TH NMR spectrum of the mixture displayed characteristic
resonances for the starting compound 4a. "HNMR (200 MHz) (C¢Dq):
6 =4.6(t,4H, Cp), 3.9 (t, 4H, Cp), 2.6 (s, 4H, CH,CH,). Analysis of the
reaction mixture by GPC showed no material of substantial molecular weight
(M,,>1000). Similar results were obtained with PtCl, and Pt divinylte-
tramethyldisiloxane catalysts.

Pyrolysis of the poly(ferrocenylethylene)s Sa and S5b under dinitrogen:

a) TGA studies: A sample of 5a (0.02 g) was lightly packed into a TGA pan,
which was then inserted in the TGA instrument under a steady flow of
nitrogen for approximately one minute. The system was then heated from 25
to 600 °C at a heating rate of 10 °Cmin~'. When the program was complete
and the furnace was allowed to cool to room temperature a black, lustrous
ceramic product 6a was formed, yield 0.01 g (50 %). This material was found
to be readily attracted to a bar magnet. Similar studies with Sb gave a ceramic
yield of 32%.

b) Pyrolysis of 5b in a tube furnace: A sample of 5b (0.50 g) was lightly
packed into a quartz boat, which was then inserted into a pyrolysis tube. The
tube was purged with a steady flow of nitrogen for approximately one minute.
The system was then heated from 25 to 600 °C over 1 h and was then main-
tained at a constant temperature of 600 °C for a further 4 h. During pyrolysis
an orange-red liquid condensed on the cooler parts of the pyrolysis tube
downstream from the quartz boat. When the program was complete and the
furnace allowed to cool to room temperature, a black, lustrous ceramic
product 6b was formed, yield 0.16 g (230%). This material was also found
to be readily attracted to a bar magnet. For ceramic 6b (derived from Sb at
600 °C): for surface, XPS: Fe 1, C 87, Si 1, O 11%. For bulk, EDX: Fe 72,
C-24, O 4%. Localized electron-rich sites, EDX: Fe 70, C 5, O 25%.
Méssbauer spectroscopy: sextuplet IS = 0.03, MHS =1.81 mms~*. Magne-
tization measurements: H, =257 G, M, = 0.071 pg/Fe, M, = 0.17 pgy/Fe.
XRD: sharp peaks at d spacing of 2.025, 1.429, and 1.167 A assigned to o-Fe.
Other peaks together with several broadened peaks of low intensity (3.396,
2.956, 2.519, 2.467, 2.138, 2.100, 1.973, 1.850, 1.613, 1.482 A).

The red-orange sublimate was collected by rinsing the pyrolysis tube with
hexanes and was also analyzed. Mass spectrometry of the red-orange solution
showed that it contained an inseparable mixture, which has been tentatively
assigned to the linear methylated compounds [Fe(y-C;H;Me,}n-CsH,-
(Me)(CH,)], (MS (EL, 70eV): m/e =482 (M ™, x =2, 40%), 241 (x =1,
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100 %)) and the cyclic trimer [Fe(y-C H;(Me)CH,),]; (MS (EI, 70 eV): m/
e=720 (M*, 5%)).

Reaction of the poly(ferrocenylethylene) 5b with TCNE: Experiments were
performed on samples of 5b that had been purified anaerobically. A solution
of TCNE (138 mg, 1.08 mmol) in 10 mL CH,Cl, was added to a solution of
purified polymer 5b (250 mg, 1.04 mmol) in 15 mL CH,Cl,. The solution
instantly darkened and a dark precipitate slowly appeared. After 12 h the
solid was filtered off, washed with 50 mL CH,Cl, and dried in vacuo to yield
a black powder, 11 (60 mg). Analysis (%): found (caled. for the idealized
composition [Fe(C;H;MeCH ), ] [TCNE],) C 66.41 (65.24), H 4.24 (4.38), N
13.20 (15.22), Fe 13.58 (15.17); ESR (solid 6.6 K): cation g, =1.70,
gy = 3.76, {g) = 2.58; anion g = 2.00. Selected IR data (nujol mull): 2153
(br), 2198 (br) cm™!. The soluble portion was concentrated to 15 mL and
added dropwise to vigorously stirred diethyl ether (175 mL). The precipitate
was collected by filtration, washed with diethy! ether (100 mL) and dried in
vacuo to yield a green powder (95 mg), 12. Analysis (%): found (caled. for
the idealized composition [Fe(C;H;MeCH,),],[TCNE],) C 71.11 (65.24), H
4.86 (4.38), N 13.00 (15.22), Fe 12.55 (15.17); SQUID: n,, =1.7 yy,
f=~11.6K; ESR (CH,Cl, glass, 6.8 K): cation g, =1.70, g, = 3.81,
{g> =2.60; anion g = 2.00; selected IR data (nujol mull): 2148 (br), 2199
(br), 2218 (br) cm™ 1.

Results and Discussion

Ferrocenyl groups have been introduced into the side-group
structure of a wide range of organic macromolecules./*8! Poly-
(ferrocenylmethylene)s, of reported structure [Fe(n-CsH,),-
CH,],, have been previously prepared by the zinc chloride/hy-
drogen chloride-catalyzed polymerization of ((dimethylamino)-
methyl)ferrocene reported by Neuse and Quo.*®! These mate-
rials are generally of low molecular weight (< 10000) and have
been found to exist as a mixture of 1,2-, 1,3-, and 1,1’-disubsti-
tuted ferrocene units in the main chain.'*® To our knowledge,
no well-characterized poly(ferrocenylethylene)s of substantial
molecular weight have been reported although oligomers as well
as cyclics are formed in the synthesis of 4a.°% > In our initial
communication,*!) we reported the thermal ROP of hydrocar-
bon-bridged [2]ferrocenophanes as a route to high molecular
weight poly(ferrocenylethylene)s. In this paper, we discuss in
detail the synthesis and properties of the resulting poly(ferro-
cenylethylene)s and the characteristics of their charge-transfer
salts with TCNE.

Synthesis and characterization of the hydrocarbon-bridged
[2ferrocenophanes 4a and 4b: Ferrocenophanes containing hy-
drocarbon bridges have been known since the initial report of
the methylated ethylene-bridged monomer 4c¢ by Burke Laing
and Trueblood,*°! which was prepared by the coupling of 6,6-
dimethylfulvene with Na in THF to give the bis(cyclopenta-
dienyl)tetramethylethane dianion, followed by the addition of
FeCl,. The hydrocarbon-bridged [2]ferrocenophane 4 ¢ possess-
es a substantially ring-tilted structure, as indicated by single-
crystal X-ray diffraction studies, which showed that the
cyclopentadienyl ligands are significantly tilted by ~23° with
respect to one another.

In the work described in this paper, compounds 4a and 4b
(which consists of a mixture of isomers) were prepared by reac-
tion of the dilithium reagent Li,[(C;H;RCH,),] with iron(ir)
chioride in THF solutions (Scheme 3). Lentzner and Watts®
initially reported this synthesis of 4a; however, these re-
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R R ' Table 1. Summary of crystal data and intensity collection parameters for 4a [a].
= =" THF 4a R=H
Q_CHZCHZ—Q * FeClz 4b R=Me cmpirical formula C,,Hy,Fe
Li* Li* M, 212.07
. . . crystal size (mm) 0.31x0.28x0.26
Sc'her'ne 3. Prepargtlop of compounds 4a and 4b by reaction of Li,[(CsH;RCH,),] crystal class orthorhombic
with iron(1r) chloride in THF. space group Phbea
T (X) 294
searchers experienced difficulty achieving high yields (yield = Zﬁ; Zﬁ4§(1)§1()2)
3%) of the starting dilithium compound, owing to the forma- ¢ (A 19.839(4)
tion of the spirocyclic by-product, spiro[2,4lhepta-4,6-diene. V(A% 1811.6(5)
The dilithium reagents used here were prepared by the improved f (gem~?) f 555
> . - cale .
method reported by Collins and coworkers,™” which involves & (Mog,) (cm™1) 16.05
the addition of hexamethylphosphoramide (HMPA) to the £(000) 880
. .  scan width (%) 0.80 +0.35tanf
NaCp/1,2-dibromoethane mixture. The [2]ferrocenophanes range 6 collected 2 05-24.96
were isolated as red, moisture-sensitive materials in ~70% yield indep. refins 1584
by vacuum sublimation or distillation. The structures of the I}‘Q"‘[?‘;S;rv(e[‘)i][[lb 72‘7(1)] 3)1015820
al B
[2]ferrocenophanes 4a and 4b were confirmed by *H and '°C WR, [c] 0.1542
NMR spectroscopy and by mass spectrometry. This afforded GoF 1123
F : _ parameters refined 119
data similar to that reported for the previously prepared me max. density in AF map (eA%) 0.681

thylated [2]ferrocenophane compound 4¢. In the case of 4a, the
molecular structure was also determined by single-crystal X-ray
diffraction (see below). The UV/visible spectra of 4a and 4b in
the 200800 nm range contained low-energy bands in the visible
region at 470—474 nm (¢ = 450M ™~ 'cm ™) that showed a char-
acteristic bathochromic shift and increase in intensity relative to
the long-wavelength band of ferrocene at 440nm (¢ =
90M 'em™1!). Osborne and co-workers have previously com-
mented that this is indicative of significant tilting of the cy-
clopentadienyl rings.”**! Similar bathochromic shifts were also
detected for the methylated [2]ferrocenophane 4¢ (4 = 472 nm,
g =400M ‘cm™!), which was found to possess a significantly

ring-tilted structure with a tilt angle of 23(1)°.52

Discussion of the X-ray structure of 4a: Several [2]ferro-
cenophanes have been crystallographically characterized, in-
cluding the previously mentioned methylated [2]ferrocenophane
4¢9 and the unstrained disilane 3,58 3% as well as the S—N
bridged [2]thiazaferrocenophane 7 reported by Abramovitch
and co-workers,*#! which
was found to possess a sub-
stantially strained, ring-
tilted structure (tilt angle of

Re Lo 23°). Very recently, Haftier
&/ 2 and coworkers®>! pub-
lished the synthesis and X-
8 ray structural analysis of a
doubly strapped hydrocar-
bon-bridged [2]ferrocenophane 8 (R = R’ = H), which was
found to possess a considerably ring-tilted structure with a tilt
angle of 28.8°. In order to study further the influence of a hydro-
carbon bridge on the strain and polymerizability of these ferro-
cenophane systems, an X-ray crystallographic study of 4a was
carried out. Crystals of 4a were isolated from hexanes solution
at —20°C. The molecular structure of 4a is shown in Figure 1.
A summary of cell constants and data collection parameters are
included in Table 1, and important bond lengths and angles are
listed in Table 2. The angles «, § and 6 used in discussing the
structures are defined in Figure 2. The structure of 4a is disor-
dered over two sites (C(12a), C(12b)) with occupancies of 0.60
and 0.40.

[a] Crystallographic data (excluding structure factors) for the structure reported in
this paper have been deposited with the Cambridge Crystallographic Data “Centre
as supplementary publication no. CCDC-100124. Copies of the data can be
obtained free of charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; e-mail: de-
posit@chemerys.cam.ac.uk). [b] R, = X(F, — F)/3X(F). [c] wR, = Duw(F? —
F2PZIw(EDNM2; see ref. [T1].

Table 2. Selected distances (A) and angles (°) for 4a (major component).

Fe-C1 1.965(6) Fe-C6 1.966 (6)
Fe-C2 2.022(6) Fe-C7 2.007(6)
Fe-C3 2.060(5) Fe-C8 2.054 (6)
Fe-C4 2.065(6) Fe-C9 2.068(6)
Fe-C5 2.024(5) Fe—C10 2.016(6)
c1-Cit 1.540(7) cit-c12 1.539(12)
C6-C12 1.544(7) Cct-c2 1.405(8)
Cc2-C3 1.408 (9) C3-C4 1.431(8)
C4-C5 1.406(9) C1-C5 1.435(8)
C1-Fe-C6 88.6(3) C11-C12-C6 114.5(8)
C1-C11-C12 105.9(8) C10-Fe-C2 . 101.1(3)
C3-Fe-C9 120.1(3) C4-FeC8 121.2(3)
C5-Fe-C7 101.1(3) C1-C2-C3 108.6 (6)
C2-C1-C5 108.0(5) - C4Cs5Cl 107.4(5)
C2-C3-C4 107.6(5) C5-C1-C11 120.8(8)
C2-C1-Cll 130.1(8) C10-C6-C12 114.3(8)
C7-C6-C12 136.0(8)

' 6l
cial oo 7

Figure 1. Molecular structure of 4a (vibrational ellipsoids at the 25 % probability
level).

The most interesting structural feature of 4a is the tilt of the

© virtually planar cyclopentadienyl ligands with respect to one

another (Figure 1). The tilt angle of 21.6(4)° is comparable
to that found for the silicon-bridged [{]ferrocenophane 1
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Figure 2. Definition of structural parameters for ferrocenophanes.

(20.8(5)), slightly less than that present in the methylated hy-
drocarbon-bridged species 4¢ (23(1)°). The degree of tilting in
4a can also be appreciated by considering the Cp, ., oia-Fe-
CPeentroia angle, which is 164.1(3)° compared with 180° in fer-
rocene, 163.4(6)° for 4¢, and 164.74 (8)° in 1. In 4 ¢, the displace-
ment of the iron atom from the line joining the two centroids of
the cyclopentadienyl ligands is greater than the value in 4a
(0.432(12) vs 0.225(7) A). By contrast, the angles between the
planes of the cyclopentadienyl ligands and the C(Cp)—C bonds
(B) in 4¢ are 10.8(10)° and 8.9(13)°, which are smaller than in
4a (20.1(3)° and 12.7(3)°), and angle ¢ for 4a (164.1(3)°) shows
a considerably greater deviation from 180° than that for 3 (6 =
176.48(3)°). In 4a, the displacement of the iron atom from the
line joining the two centroids of the cyclopentadienyl ligands
(0.225(7) A) is significantly greater than the value in 3
(0.027(3) A). By contrast, the average angles between the planes
of the cyclopentadienyl ligands and the C(Cp)-C
bonds (f) in 4a are 20.1(3)° and 12.7(3)°, larger
than the corresponding f angle in 3 (10.8(3)°).
Interestingly, the C, bridge in 4a makes an angle
of 18.4(1)° with the plane containing the cen-
troids on the cyclopentadienyl rings and the iron
atom and is therefore significantly more twisted
than the disilane bridge in 3, where the corre-
sponding angle is 8.4(4)°.

It is also interesting to compare the structure
of the recently reported hydrocarbon-bridged
[2]ruthenocenophane [Ru(y-CsH,),(CH,),] with
that of its iron analogue 4a.1*3- 3% The larger size
of the central ruthenium atom compared with
iron results in drastic structural differences.
The most interesting difference lies in the tilt an-

to be essentially insoluble in organic solvents. The colours of
5a and 5b varied from mustard yellow to yellow-brown. The
darker-coloured materials probably contained small amounts of
thermal decomposition products (see below).

Although 5a was insoluble, the polymeric nature of this mate-
rial was suggested by its film-like appearance on the sides of the
tube and by the identification of cyclic oligomers [Fe(#-Cs-
H,CH,),], (x = 2-5) in CH,Cl,-soluble extracts of the material
by mass spectrometry. In addition, Soxhlet extraction with hot
THF over 72 h produced a small amount of soluble material.
Gel permeation chromatography (GPC) indicated that 5a pos-
sessed a bimodal molecular weight distribution. The first frac-
tion possessed an approximate weight average molecular weight
(M) of 8.1 x 10* and a.number average molecular weight (M)
of 6.6 x 10* while the second, essentially oligomeric fraction was
characterized by values of M, = 4.8 x 10% and M, = 3.5x 103
Because of the essentially insoluble nature of 5a, this material
was characterized by solid-state NMR. The solid-state '3C
NMR spectrum displayed resonances consistent with the forma-
tion of a poly(ferrocenylethylene) (Figure 3) with broad reso-
nances at 6 ~89-91, 68—72 and 35-38 assigned to C(Cp-ipso),
C(«, BCp), and CH,CH, bridging groups respectively. The
yields of the poly(ferrocenylethylene)s 5a and 5b were virtually
quantitative and no unreacted 4a or 4b was detected.

gle o between the planes of the cyclopentadienyl
ligands in the ruthenium complex (29.6(5)°),
which is ca. 8.0° greater than in the analogous
iron species 4a (o = 21.6(4)°). In addition, the
Cp-M-Cp angle § (M = Fe, Ru) for 4a (6 =164.1(3)°) deviates
less from 180° than that for the ruthenium analogue
(0 =159.3(2)°). The displacement of the metal atom in the latter
compound from the line joining the two centroids of the cy-
clopentadienyl ligands (0.321(5) A) is greater than the corre-
sponding value in 4a (0.225(7) A).

Synthesis and structural characterization of the poly(ferro-
cenylethylene)s 5a and Sb: Polymerization of 4a and 4b was
achieved by heating these species in the melt at elevated temper-
atures in evacuated, sealed Pyrex tubes. In both cases the tube
contents became molten and then rapidly more viscous, and
eventually immobile. The polymeric product Sb dissolved in
THF and was isolated as a fibrous material by precipitation into
methanol. By contrast, the unsubstituted polymer 5a was found
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Figure 3. Solid-state '*C NMR spectrum of polymer Sa (* denotes spinning sidebands).

The poly(ferrocenylethylene) 5b, which was readily soluble in
organic solvents, was structurally characterized by multinuclear
NMR spectroscopy, UV/vis spectroscopy and elemental analy-
sis. In addition, the molecular weight distribution was analyzed
by GPC. The 'H NMR spectra of 5b (in C,D) showed a broad
resonance for the cyclopentadienyl protons at x3.6—4.1 and
broad resonances assigned to the bridge protons and methyl
groups associated with the cyclopentadienyl rings at 6 = 2.3—
2.8 and 1.6-2.1, respectively. The integration ratio of these
resonances was 6:4:6, which was consistent with the assigned
structure. The '3C NMR spectrum for 5b was complex, owing
to the structural isomerism involving the methyl substituents
attached to the cyclopentadienyl rings, but was also consistent
with the assigned structure. Significantly, in the *3C NMR spec-
trum of 5b, the resonance associated with the ipso carbon of the
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cyclopentadienyl ring exhibits a slight highfield shift from
0x85.6-91.5in 4b to 83.3-88.5 in 5b, consistent with a struc-
ture in which the cyclopentadienyl rings are essentially parallel.
The UV/visible data for polymer 5b had a low-energy absorp-
tion at 440 nm (¢, =190M~'cm~*) very similar to that of fer-
rocene (4., = 440 nm; ¢; = 90M~ *cm ™ 1); this suggests an es-
sentially localized polymer backbone. GPC in THF indicated
that 5b possessed a bimodal molecular weight distribution. The
first fraction had an approximate weight average molecular
weight (M) of 9.6x10* and a number average molecular
weight (M) of 8.6 x 10*, while the second, essentially oligomeric
fraction was characterized by values of M_, = 4.8 x10®> and
M, =35%x103

The existence of a bimodal molecular weight distribution for
polymer 5b suggests the possibility that multiple mechanisms
may operate during the thermal ROP of 4b. In an attempt to
examine the nature of the molecular weight distribution for 5b,
the polymerization of 4b was examined more closely. Sealed
Pyrex tubes containing 4b were heated at 300 °C for intervals of
0—2.5h and the contents of each tube were examined by GPC.
Analysis of a tube heated for 30 min (at which time the tube
contents were viscous but mobile) showed that the polymer
present possessed an approximate weight average molecular
weight (M) of 8.0x10* and a number average molecular
weight (M) of 6.6 x 10* with no substantial lower molecular
weight oligomeric fraction. Analysis of the contents of the tubes
which had been heated for 45 min or more {after which time the
tube contents were immobile) showed the aforementioned char-
acteristic bimodal molecular weight distribution. In order to
determine whether the lower molecular weight fraction arises as
a result of thermal decomposition of the polymer, a tube con-
taining a purified sample of polymer 5b was heated for 1 h at
300 °C. Analysis of the tube contents by GPC showed no change
in molecular weight or in the molecular weight distribution.
Thermogravimetric analysis of polymer 5b supports this find-
ing, as this material is stable to weight loss up to ca. 375°C (see
below), which is above the ROP temperature. These results
provide support for the tentative postulate of two different poly-
merization mechanisms.

Attempted transition-metal-catalyzed ROP of 4a: Recently, in
an effort to induce strained silicon-bridged [1]ferrocenophanes
such as 1 to undergo ROP under milder conditions, the use of
various transition-metal catalysts was explored. This resulted in
the formation of high molecular weight poly(ferrocenyisilane)s
(e.g. 2) at room temperature.!?% 37381 Attempts to extend this
chemistry to similarly strained hydrocarbon-bridged [2]me-
tallocenophane systems such as 4a, however, were, not surpris-
ingly, unsuccessful. Solutions of 4a (in C,Dy) were treated with
bis(cyclooctene)rhodium(r) chloride dimer, and the mixture was
stirred under nitrogen with constant monitoring by ‘H NMR
spectroscopy. Analysis of this mixture after 48 h by both 'H
NMR spectroscopy and GPC showed only the presence of the
starting compound 4a and no signs of oligomeric or polymeric
material. Similar results were obtained with PtCl, and platinum
divinyltetramethyldisiloxane complex as the catalysts.

Thermal transition behaviour and morphology of the poly(ferro-
cenylethylene)s 5a.and 5b: In order to obtain information on the

conformational flexibility and morphology of the poly(ferro-
cenylethylene)s, the thermal transition behaviour of 5a and 5b
was investigated. Whereas differential scanning calorimetry
(DSC) showed no evidence for melting transitions for polymer
5b, a large melting endotherm (7,) at 241 °C was detected with
the corresponding recrystallization exotherm at 191 °C detected
on cooling (Figure 4) for polymer 5a. For polymer 5b, only a
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Figure 4. DSC thermogram for polymer 5a (scan rate of 10°Cmin~1).

glass transition with very small change in heat capacity was
detected at ca. 65°C, and no apparent T, was observed for
polymer 5a. Comparison of the glass-transition data with data
for polyethylene, which has a T, value of — 120°C, reveals that
the inclusion of ferrocene into the polyethylene backbone de-
creases the skeletal flexibility. Also, comparison of the glass
transition temperature for the poly(ferrocenylethylene) 5b with
that for poly(vinylferrocene) (T, = 184°C),1*?! where ferrocene
is present as a side group, indicates that the incorporation of a
ferrocenyl moiety. into the backbone decreases the conforma-
tional flexibility less dramatically.

The morphology of the poly(ferrocenylethylene)s was also.
examined by wide-angle X-ray scattering (WAXS) at 25°C. The
WAXS scattering pattern for 5a showed significant order, with
a sharp peak corresponding to a d spacing of 5.14 A (Figure 3).
Scattering patterns for 5b were broad with no significant signs
of long-range order and displayed a broad peak corresponding
to a d spacing of 6.18 A superimposed on an amorphous halo
(Figure 5, inset).

Thermal stability of the poly(ferrocenylethylene)s 5a and 5h:

a) Thermogravimetric analysis: Thermogravimetric analysis
(TGA) studies of the polymer 5b under N, at a heating rate of
10°Cmin~"* showed that this material was stable to weight loss
up to ca. 375°C (Figure 6). Above this temperature two distinct
weight-loss processes were detected. An initial weight loss of
approximately 48 % occurred between 375°C and 450°C, with
a subsequent weight loss of approximately 20% observed be-
tween 450 °C and 500 °C. Further thermolysis up to 1000 °C led
to very little change in mass. The final char yield for this poly-
mer was 32%. Analogous thermolysis studies on polymer 5a
showed similar behaviour with a higher final char yield of 50 %.
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(BEI), Mossbauer spectroscopy, magnetization mea-

(=3 T T T T T T . . . .
§ - o N surements, and X-ray powder diffraction (XRD).
S . . . .
¥ E Y f Analysis of the ceramic 6b by XPS indicated the
i i presence of a surface primarily containing carbon
1 (ca. 87 %) with some oxygen (ca. 11%). The pres-
2 ence of oxygen was also noted for the ceramics
- © derived from the pyrolysis of poly(ferrocenylsi-
§ § M i lane)s and may arise from workup of the pyrolysis
’ ° WW}M{ l products in air.??-#°! Analysis of the bulk of the
(=1 -
o o TR i sample by SEM-EDX, with samples of polymer
I ) 5b for compositional comparisons, showed an
iron:carbon:oxygen ratio of approximately
72:24:4. Interestingly, the material was not homo-
] ] geneous and small regions of higher oxygen congen-
tration (iron:carbon:oxygen ratio = 70:5:25) were
8 WWWWWWW also present (see Figure 7).
=] T T L T T T T
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Figure 5. Wide-angle X-ray scattering pattern for polymers 5a and 5b (inset) at 25°C. a)
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Figure 6. Thermogravimetric analysis trace for polymer 5b obtained at 10°Cmin~" under N,.

b) Pyrolysis studies in a tube furnace: In order to investigate
the thermolysis of poly(ferrocenylethylene)s in more detail,
studies in a tube furnace were carried out. Polymer 5b was
chosen for this work because it could be purified more thor-
oughly than 5a, since the latter material is essentially insoluble
in organic solvents. Pyrolysis of 5b was carried out under N,
with a 1 h ramp from room temperature to 600°C and subse-
quent thermolysis for 4 h at this temperature. Ceramics were
obtained as black, lustrous materials in yields of ca. 30%. Con-
current with the onset temperature for weight loss by TGA
(375°C), the formation of a red-orange oil was observed on the
cooler section of the quartz tube downstream from the polymer
sample.

¢) Characterization of the pyrolysis products: The solid pyroly-
sis product 6b, formed during the thermolysis of Sb at 600°C,
was readily attracted to a bar magnet and was further investigat-
ed by X-ray photoelectron spectroscopy (XPS), high-resolution
scanning electron microscopy (SEM) with energy dispersive X-
ray microanalysis (EDX) and backscattered electron imaging
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Figure 7. a) Scanning electron micrograph of ceramic 6b at x 100 magnification.
b) Back-scattered electron image of ceramic 6b at x 100 magnification.

The magnetic properties of the ceramic 6b were studied by
Maossbauer spectroscopy and magnetization measurements.
The 37Fe Mossbauer spectrum of 6b confirmed the presence of
magnetic iron sites with a characteristic six-line spectrum arising
from the lifting of the degeneracy of the 7= 4/, and 17/,
states. A study of the magnetization of 6b as a function of
applied field gave a hysteresis curve characteristic of a soft
ferromagnetic material. A study of 6b by powder XRD indicat-
ed the presence of significant amounts of «-Fe crystallites (sharp
peaks at d spacings of 2.02(5), 1.43(3) and 1.17(3) A) together
with several broadened peaks of low intensity (Figuare 8). Simi-
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—0.25V was found to
increase the oxidation po-
tential of a neighbouring
iron site to —0.16V.
The presence of a more
insulating hydrocarbon
bridge dampens electron-
ic interaction between
metal centres along the
polymer backbone
polymer 5b, which has a
smaller redox coupling
(AE,;) of 0.09 V. For 5b,
plots of current vs. square
root of scan rate were lin-
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Figure 8. X-ray diffraction pattern for ceramic 6b at 25°C.

lar behaviour has been noted for the ceramics derived from the
pyrolysis of poly(ferrocenylsilane)s, where much higher ceramic
yields have been achieved.i?*:22:2°]

The liquid produced during the pyrolysis of 5b was collected
in dichloromethane solvent and was analyzed by mass spec-
trometry. The peaks were tentatively assigned to cyclic trimer
[Fe(n-C;H,(CH;)CH,),]; (9) and the linear methylated com-
pounds [Fe{n-C,H;Me,} {-C,H;(Me)}(CH,)], (10). Cyclic de-
polymerization products have been previously detected when
poly(ferrocenyldimethylsilane) (2) is heated at elevated temper-
atures.[#*:291

A‘.?/CHz\CH N&?)\CH Z/CHZ\C‘J)
s =N s

Cyclic voltammetry studies of poly(ferrocenylethylene) Sb: Previ-
ous cyclic voltammetric studies focussing on the electrochemical
behaviour of poly(ferrocenylsilane)s such as 2 have shown that
there are electronic interactions between the metal atoms of the
main chain in these polymers. Thus, poly(ferrocenyldimethyl-
silane) 2 exhibits two reversible oxidation waves with a redox
coupling AE,,, of 0.25V.I'":??1 To determine whether similar
interactions would be present with other elements instead of
silicon, cyclic voltammograms of the poly(ferrocenylethylene)
5b in CH,Cl, solutions were recorded at a variety of scan rates
(Figure 9). Two reversible oxidation waves were observed as a
result of slight electronic communication between metal centres
along the polymer chain. Initial oxidation of alternating iron

[0}

diffusion-controlled (see

inset in Figure 9). Elec-

trochemical studies of hy-
drocarbon-bridged biferrocene systems, such as the ethane-
bridged dimer Fc—(CH,),—Fc, have shown contrasting be-
haviour; this compound exhibits only one reversible oxidation
wave at E, , = 0.37 V vs. SCE.[®¥
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Figure 9. Cyclic voltammograms of polymer 5b in CH,Cl, obtained at scan rate of
a) 50 and b) 250 mVs~* at 25°C referenced to the ferrocene/ferrocenium couple at
E = 0.0 mV. Also shown are plots of i, vs. the square root of the scan rate for the
oxidation peaks observed for 5b.

Mossbauer spectroscopic studies of poly(ferrocenylethylene) 5b:
A room-temperature Mdssbauer spectrum of an air-oxidized
sample of 5b was obtained in order to probe the nature of the
possible different iron sites in the resulting polymer (Figure 10).
The Mossbauer spectrum for the oxidized poly(ferrocenyl-
ethylene) 5b displayed a pair of doublets, with the outer doublet
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Figure 10. Mdssbauer spectrum of partially oxidized 5b at 25°C.

having an isomer shift () of 0.382 mms ™~ ! and quadrupole split-
ting value (AE,) of 2.33 mms™*, while the inner doublet dis-
playedaé = of 0.31 mms™"'and AE, of 0.69 mms™*, character-
istic of Fe"™ and Fe™ sites, respectively. This implies that
the oxidized 5b has a localized electronic structure on the
Mossbatuer timescale (1077 s).

Characterization of the oxidation products from the reaction of
the poly(ferrocenylethylene) Sb with TCNE: The preparation of
magnetic materials derived from polymer 5b was somewhat
complicated by the presence of very small but variable quanti-
ties of magnetic impurities in the polymer. These impurities are
presumably pyrolysis products formed during the high tempera-
tures (ca. 300°C) required for the synthesis of 5b.

The unoxidized polymer (even the purest material obtained)
showed a characteristic, very unsymmetrical ESR signal at an
apparent g value of ca. 2 at room temperature, but gave no
discernible ESR signal below ca. 100 K. Magnetic measure-
ments of samples with greater impurity levels indicate a drop in
susceptibility below ca. 130 K ; the magnetic susceptibility at low
temperature is very small. These results are consistent with the
presence of non-ferrocene/ferrocenium-derived iron species that
undergo a spin crossover at ca. 130 K. The proportion of this
impurity is very small, as it does not affect the elemental analysis
of the neutral polymer; presumably the species responsible has
a rather large moment.

Addition of a dichloromethane solution of one equivalent of
TCNE to a dichloromethane solution of 5b resulted in the for-
mation of two products: a black insoluble material (11, ca.
40 %) was collected by filtration, and a green precipitate (12, ca.
60 %) was obtained by addition of diethyl ether to the filtered
dichloromethane solution. Elemental analyses were consistent
with stoichiometries close to 5b-[TCNE], for each product.

The only multiple-bond stretching bands observed in the IR
spectrum of a nujol mull of 11 were broad intense features
centred at 2153 and 2198 cm ™ !; these are indicative of reduced
TCNE but at somewhat higher frequency than the isolated
TCNE ™ anion.!®* ~ %31 A plausible explanation is that the materi-
al includes stacks of planar TCNE molecules, which are partial-
ly reduced. Compound 11 was also investigated by ESR spec-
troscopy and SQUID magnetometry. Unfortunately, the
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magnetic impurity present in the unoxidized polymer appears to
end up in this reaction product. Thus, the room-temperature
ESR spectrum revealed the characteristic spectrum of the unox-
idized polymer, upon which is superimposed a sharp isotropic
resonance with g = 2.00, presumably arising from the cyanocar-
bon anions. At low temperatures the isotropic resonance com-
pletely dominated any signal from the impurity in the polymer.
In addition, an axially symmetric ferrocenium spectrum was
observed characterized by g, = 1.70 and g, = 3.76. These val-
ues are typical for substituted ferrocenium species.!®*~°6 This
spectrum is surprisingly sharp given that the sample was a solid
and that ferrocenium ions with slightly different substitution
patterns and, therefore, with slightly different g values, are ex-
pected to be present, owing to the variation in the positions of
the methyl groups on the cyclopentadienyl rings. The magnetic
susceptibility data could not be fitted to the Curie—Weiss law.
As magnetic impurities were shown to be present by ESR, no
further analysis of the magnetic data was undertaken.

A nujol mull of the soluble material 12 shows IR bands at
2148, 2199 and 2218 cm ™!, the middle band being particularly
intense. This is similar to the spectrum observed for the
TCNEZ™ anion,'” although the bands are spread over a wider
range of frequencies in 12 and, on average, are at somewhat
higher frequency. A very similar IR spectrum is observed in
dichloromethane solution, indicating the oligomeric anions do
not dissociate in solution. Room-temperature ESR spectra of
12, either in the solid state or in dichloromethane solution,
showed a very poorly resolved isotropic resonance with a g
value of ca. 2. The characteristic lineshape of the impurity in the
unoxidized polymer was not observed; this was taken to indi-
cate that this product is essentially free of the magnetic impurity.
The low intensity of the room-temperature radical signal, when
compared with spectra of other salts of paramagnetic cyanocar-
bon species, suggests few anions are paramagnetic. Low-tem-
perature spectra showed the isotropic radical resonance and a
ferrocenium spectrum with g values almost identical to those
from the ferrocenium spectrum of 11. Spectra were acquired
both in dichloromethane and with solid samples; although the
solution/glass spectra were slightly sharper, the spectra were
otherwise very similar, consistent with the anions being un-
changed when the material is dissolved. Solid-state magnetic
susceptibility measurements were made between 5 and 250 K.
The data were fitted to the Curie—Weiss law (80-250 K) with a
Weiss constant @ of — 11.6 K (Figure 11). This value is indica-
tive of significant antiferromagnetic interactions. The magnetic
moment is ca. 1.7 py per iron atom, although this value depends
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Figure 11. Variation of molar magnetic susceptibility per Fe (y, ¢) and effective
magnetic moment (L, x) with temperature (T') for 12.
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greatly upon the accuracy of the iron analysis. For a fully oxi-
dized polymer with diamagnetic counterions, one would expect
an effective magnetic moment of 2.25 p,, if {g> = 2.60 as deter-
mined by ESR. Below ca. 70 K the plot of reciprocal susceptibil-
ity against temperature is no longer linear, and the derived mag-
netic moment falls to 1.2 p, (Figure 11). This is also consistent
with the presence of substantial antiferromagnetic interactions
in the material; however, the data show no transition to an
ordered antiferromagnetic state.

The formation of two distinct products of similar composi-
tion in this reaction is not especially surprising. The products of
reactions involving cyanocarbon anions often give more than
one product.[®® ~7%1 Thus, for example, Ward et al. were able to
isolate both green TCNQ~™ (TCNQ = 7,7,8,8-tetracyano-p-
quinodimethane) and purple TCNQ? ™ salts of the [Cp*Ru-
(Ce¢Me)l* cation from a single reaction mixture.l”” The origin
of the antiferromagnetic interactions in 12 is unknown. Howev-
er, it is possible that the packing requirements of the cyanocar-
bon counterions cause ferrocenium ions to be in close proximity
with one another.

Summary

The poly(ferrocenylethylene)s [Fe(n-C;sH,RCH,),], 5a and 5b
(a: R = H, b: R = Me) have been prepared by the thermal ring-
opening polymerization of the corresponding strained hydro-
carbon-bridged [2]ferrocenophanes [Fe(y-C;H,RCH,),]. The
molecular weight distribution for polymer 5b was found to be
bimodal in nature with a high molecular weight fraction with
M, ~10° and a low molecular weight fraction with M _~103.
This may be the result of the action of two different polymeriza-
tion mechanisms. A UV/visible spectrum of polymer 5b was
consistent with a localized structure for the polymer backbone.
The electrochemical behaviour of the polymer 5b was examined
by cyclic voltammetry, which revealed that this polymer under-
goes two reversible, closely spaced oxidations in CH,Cl, solu-
tions at — 0.25 and — 0.16 V, with a redox coupling AE, , of
approximately 0.09 V, indicative of only a small interaction be-
tween the iron centres. Studies by TGA indicated that poly(fer-
rocenylethylene)s are thermally stable to weight loss to about
375°C under dinitrogen, and at more elevated temperatures
yield ferromagnetic ceramic products.

The reaction of the poly(ferrocenylethylene) Sb with TCNE
gave a mixture of two products, 11 and 12, which differ in their
solubilities and the degree of oligomerization of the TCNE?~
counterions. Magnetic characterization of 11 was complicated
by the presence of small amounts of magnetic impurities present
in the neutral polymer. Nevertheless, solid-state magnetic
susceptibility measurements show significant antiferromagnetic
interactions in 12.
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