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The synthesis and characterization of a novel class of highly-5 

metallized, redox-active polyelectrolytes that employ 
phosphorus as a scaffold for the installation of transition 
metals is described. Pyrolysis of thin films of the title 
polyelectrolytes resulted in the production of magnetite 
crystallites and ill-defined carbon-, phosphorus- and oxygen-10 

rich phases in char yields of nearly 50%. 

     Metallopolymers (or metal-containing polymers) have 
emerged over the past two decades as a versatile new class of 
(multi)functional materials.1,2 These materials, which include 
main-chain and side-chain architectures, combine the 15 

processability of polymers and the highly desirable properties 
(e.g., redox and catalytic activity, magnetic, light-absorbing) of 
transition metals. They have received significant attention, for 
example, as precursors to nanostructured materials,3 the 
functional component of redox-active capsules4 and photonic 20 

crystal displays,5 photoactive materials in solar cells,6 and 
antimicrobial surfaces.7 
    By exploiting the chemistry of phosphorus as part of several 
different synthetic strategies, a promising subclass of 
metallopolymers has been established.8 For example, main-chain 25 

poly(ferrocenylphosphine)s (e.g., 1) have been produced by the 
ring-opening polymerization of strained 
[1]phosphaferrocenophanes,9 while a unique migration-insertion 
polymerization mechanism has been used to produce 
poly(cyclopentadienylcarbonyldiphenyl-phosphinobutanoyliron)s 30 

(e.g., 2).10 Block copolymers incorporating a side-chain 
metallopolymer block based on poly(phosphaalkene)s (e.g., 3) 
have been realized through a sequential anionic polymerization / 
metal-coordination strategy before they were self-assembled into 
micelles with a gold core.11 35 
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Although advances towards phosphorus-containing 
metallopolymers have been impressive, examples possessing 
more than one metal per polymer repeating unit remain elusive. 50 

Herein we report a strategy for the synthesis and characterization 
of highly-metallized phosphonium polyelectrolytes bearing three 
ferrocenes per repeating unit starting from phosphine gas.  
     Primary, secondary, and tertiary phosphines 4a‒c were 
synthesized in one pot via the radical-catalyzed 55 

hydrophosphination of vinylferrocene (Scheme 1). Our best 
results were obtained when the reaction was conducted in a 
stepwise fashion, keeping the concentration of 
azobisisobutyronitrile (AIBN) and vinylferrocene low relative to 
phosphine gas. Phosphines 4a‒c, which are air- and moisture-60 

stable in the solid-state,12 were isolated by column 
chromatography on silica gel using a gradient solvent strategy in 
20%, 31%, and 27% yield respectively. It is worth noting that the 
primary and secondary phosphines recovered from the column 
could be further converted to tertiary phosphine by the addition of 65 

AIBN and vinylferrocene when desired. 
 

 
 
 70 
 
 

 
Scheme 1     Synthesis of ferrocene-substituted phosphines 4a‒c. 

 75 

    The solid-state structures of phosphines 4a‒c were determined 
by single crystal X-ray crystallography (Fig. 1), while 
multinuclear NMR spectroscopy data were consistent with the 
proposed structures of 4a (31P NMR: t, 1JPH = 196 Hz,         
‒137.1 ppm), 4b (31P NMR: d, 1JPH = 201 Hz, ‒68.8 ppm), and 4c 80 

(31P NMR: s, ‒27.9 ppm) in solution (Fig. 2 and S1‒S5). For each 
phosphine, the solid-state structures confirmed that the ferrocene 
groups are separated from the phosphorus atom by an ethylene 
spacer [C-C bond lengths 1.50(2)‒1.538(7) Å; P-C bond lengths 
1.843(1)‒1.93(1) Å], confirming the proposed reaction pathway 85 

    Tertiary phosphine 4c was used to produce the target 
phosphonium polyelectrolytes according to Scheme 2. 
Quaternization of tertiary phosphine 4c via reaction with 3-
chloro-1-propanol led to the formation of ferrocene-substituted 
phosphonium chloride salt 5a as a fine yellow powder in 88% 90 

yield (Fig. S6‒S8). Ion exchange using sodium tetrafluoroborate 
yielded microcrystalline phosphonium tetrafluoroborate salt 5b 
(Fig. S9‒S12). The solid-state structure of 5b confirmed the  
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Fig. 1     Solid-state structures of phosphines (a) 4a, (b) 4b, and (c) 4c. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms 
removed for clarity. Selected bond lengths (Å) for 4a: P1-C12 1.884(6), 
C11-C12 1.515(8); 4b: P1-C12 1.853(6), P1-C24 1.93(1), C11-C12 5 

1.538(7), C23-C24 1.50(2); 4c:  P1-C12 1.843(1), P1-C24 1.853(1), P1-
C36 1.855(1), C11-C12 1.537(2), C23-C24 1.533(1), C35-C36 1.533(2). 
Selected bond angles (°) for 4b: C12-P1-C24 99.0(4); 4c: C12-P1-C24 
100.34(6), C12-P1-C36 99.26(6), C24-P1-C36 99.44(5). 

 10 

Fig.  2     Proton coupled 31P NMR spectra of phosphines 4a (black), 4b 
(red), and 4c (blue) in CDCl3. The signal marked with an asterisk in the 
spectrum of 4c has been identified as the mono α-addition product, 
commonly observed in considerable quantities as a byproduct in the 
synthesis of phosphines by the mechanism employed. 15 

 
proposed structure and the presence of a nearly tetrahedral 
geometry at phosphorus (Fig. S13, Table S1). 
     Polymerizable phosphonium triflate salt 6 was synthesized in 
two steps in 89% yield (Scheme 2, Fig. 3 and S14‒S16). 20 

Esterification of the alcohol group in 5a was accomplished by 
reacting it with methacryloyl chloride in the presence of 
triethylamine under anhydrous conditions. The chloride counter 
anion was exchanged for a trifluoromethanesulfonate (triflate) 
anion to overcome the tendency of  the phosphonium chloride 25 

salts encountered during this study to decompose via an 
unidentified decomposition pathway in solution when exposed to 
air.13 Phosphonium triflate 6 is air- and moisture-stable and has 
significantly enhanced solubility in organic solvents compared to 
its chloride analog. The latter trait is highly desirable for further 30 

polymerization chemistry where poor solubility can be 
problematic. 
     Inspired by the work of Endo,14 Gin,15 Long,16 and others,17 
polyelectrolytes 7a‒c were produced via a free radical 
polymerization mechanism using AIBN as a thermally-activated 35 

initiator. Three polymerization reactions were conducted by first 
combining monomer 6 and 0.01 (1.0 g monomer mL‒1), 0.005 
(0.75 g monomer mL‒1), and 0.0033 (0.50 g monomer mL‒1) 
molar equivalents of AIBN in THF. Each solution was subjected 
to three freeze-pump-thaw cycles, before heating at 75 °C for 17, 40 

25, and 32 h, respectively. Polyelectrolytes 7a‒c were isolated in 
70%, 79%, and 75% yields after purification by duplicate 

 
Scheme 2   Synthesis of ferrocene-substituted phosphonium 
polyelectrolytes 7a‒c. TfO‒ = trifluoromethanesulfonate (triflate) anion. 45 

 
precipitation of dichloromethane solutions into benzene and 
pentane (Fig. 3 and S17‒S24, Table 1). 1H NMR spectroscopy 
confirmed conversion of monomer 6 to polyelectrolytes 7a‒c as 
the signals attributed to the alkene functionality disappeared (δ 50 

6.16 and 5.66) and new signals assigned to the saturated 
hydrocarbon backbone appeared (δ 3.00‒0.50) in the spectrum of 
polyelectrolyte 7b (Fig. 3). The 1H NMR spectra of 7a‒c were 
very broad, further supporting the proposed polyelectrolyte 
structures. 55 

     By adapting a methodology developed by the Matyjaszewski 
group,18 gel permeation chromatography experiments were used 
to study the molecular weight distributions of polyelectrolytes 
7a‒c. These studies confirmed the high molecular weight nature 
of 7a‒c (Mw = 79,000‒118,200 Da, PDI = 2.34‒2.74, vs. 60 

poly(methyl methacrylate) (PMMA) standards; (Tables 1 and S2 
and Fig. S25). Triple detection GPC studies gave molecular 
weights 3 to 4 times larger than the conventional calibration 

 
Fig. 3     1H NMR spectra of monomer 6 (black) and polyelectrolyte 7b 65 

(red) in CDCl3. The asterisk denotes residual CHCl3 signals. 
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studies (Table S3), with the discrepancy likely arising due to size 
enhancement associated with the non-coordinating triflate anions 
employed in this study. The trends in molecular weight data were 
consistent with the free radical polymerization mechanism 
employed, and revealed that both concentration and 5 

monomer:initiator ratio influenced the molecular weights of the 
polyelectrolytes isolated in an uncontrolled fashion. 
     Each of the compounds reported in this study, including 
polyelectrolytes 7a‒c exhibit properties consistent with the 
presence of ferrocene(s) in solution (Table 1). Their UV-vis 10 

spectra exhibit maximum absorption at wavelengths (λmax) of ca. 
440 nm. Their cyclic voltammograms are comprised of reversible 
oxidation waves at potentials (Eox°) between ‒10 and 5 mV 
relative to the ferrocene/ferrocenium redox couple (Fig. 4 and 
S26‒S31). In each case, the current response observed 15 

corresponded to one electron for each ferrocene group present. 
Secondary and tertiary phosphines 4b and 4c also exhibited an 
irreversible oxidation at ‒95 and ‒150 mV respectively, which we 
assign to the oxidation of phosphorus in these electron-rich 
phosphines. 20 

 
Fig. 4     Cyclic voltammograms of ferrocene-substituted monomer 6 
(black) and polyelectrolyte 7b (red) recorded at 250 mV s‒1 in 1 mM 
solutions of 2:1 dichloromethane:acetonitrile containing 0.1 M 
tetrabutylammonium triflate as supporting electrolyte. 25 

 
Table 1     Characterization data for compounds 4‒7. 

 31P NMR 
shift 

(ppm)a 

Eox° 
(mV vs Fc/Fc+)b Mw (Da), PDId Rh (nm)e 

4a ‒137.1 ‒10 - - 
4b ‒68.8 ‒10 (‒95)[c] - - 
4c ‒27.9 ‒10 (‒150)[c] - - 
5a 32.6 ‒20 - - 
6 31.9 5 - - 

7a 31.8 0 118,200, 2.74 8.9 
7b 31.8 0 78,900, 2.44 8.5 
7c 31.9 0 105,700, 2.34 8.6 
aRecorded in CDCl3 against triphenylphosphine internal standard. b Recorded at 250 
mV s‒1 in 1 mM solutions of 2:1 dichloromethane:acetonitrile containing 0.1 M 
tetrabutyl-ammonium triflate as supporting electrolyte. cAnodic potential of 30 
phosphorus oxidation shown in brackets. dDetermined by conventional calibration 
GPC vs. PMMA standards. eDetermined by triple detection GPC (right-angle light 
scattering). 

     Differential scanning calorimetry studies revealed glass 
transition temperatures of 108 °C for 7a‒c (Fig. S32‒S34). 35 

Thermal gravimetric analysis confirmed their exceptional thermal 
stability, as 7a‒c all reached 310 °C before significant mass loss 
was observed. After the onset of decomposition, degradation 
ocurred in a single smooth step, before the masses plateaued 
above ca. 500 °C (Fig. 5a and S35‒S36). The high char yields of 40 

~46% observed for polyelectrolytes 7a‒c, which may result from 
the low volatility of the ionic compounds generated during 
decomposition, prompted us to conduct preliminary studies of 
their pyrolysis behavior. 
     A thin film of polyelectrolyte 7b was prepared by spin coating 45 

a 80 mg mL‒1 3:2 chlorobenzene:chloroform solution onto a 
freshly cleaned silicon wafer. The film was dried in vacuo for    
16 h at 50 °C before it was heated to 800 °C at a rate of 10 °C 
min‒1 and held at that temperature for an additional 2 h under a 
steady flow of nitrogen. Upon cooling to room temperature at a 50 

rate of 10 °C min‒1 the pyrolyzed film was exposed to air and 
analyzed by scanning electron microscopy (SEM) (Fig. 5b and 
S37‒S40). The resulting images and elemental mapping/analysis 
experiments revealed a mixture of magnetite (Fe3O4) crystallites 
and a carbon, phosphorus, and oxygen containing phase. 55 

Crucially, a significant quantity of the iron within the 
polyelectrolytes appears to be retained upon pyrolysis, illustrating 
the promise of this new class of highly-metallized 
polyelectrolytes as precursors to functional metal-rich ceramics 
and / or nanoparticles. 60 

 
 
Fig. 5     (a) TGA trace for polyelectrolyte 7b, and (b) SEM image of the 
nanostructures produced by heating a thin film of polyelectrolyte 7b at      
800 °C for 2 h under a flow of N2 gas. Representative Fe3O4 crystallites 65 

highlighted by red circle. Scale bar = 1 µm. See supporting information 
for elemental mapping and analysis data.  
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     In conclusion, through the use of a novel and unique approach 
we have synthesized the first examples of metal-containing 
phosphonium polyelectrolytes starting from phosphine gas. The 
polyelectrolytes were shown to be redox-active, due to the 5 

presence of ferrocene groups, and their pyrolysis led to the 
formation of iron-rich nanoparticles and carbon-, phosphorus-, 
and oxygen-rich phases in high char yields (~46%). Moving 
forward, the stability of the phosphines isolated during this work 
will allow us to apply the synthetic methods developed in a 10 

modular fashion towards the synthesis of a wide range of 
functional metal-containing polyelectrolytes. Specifically, 
polyelectrolytes based on mixed metallocene architectures (metal 
= Fe, Co, and Ru) will be targeted with a view of realizing 
alloyed nanoparticles with unusual composition and function. 15 
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