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Abstract 

Interactions between metal ions and ligands in metal-containing polymers involve two 

bonding extremes: persistent covalent bonding, where the polymers are essentially static in 

nature, or labile coordination bonding, which leads to dynamic supramolecular materials. 

Main chain polymetallocenes based on ferrocene and cobaltocene fall into the former 

category due to the presence of strong metal–cyclopentadienyl bonds. Herein we describe a 

main chain polynickelocene formed by ring-opening polymerization of a moderately strained 

[3]nickelocenophane monomer, that can be switched between static and dynamic states as a 

result of the relatively weak Ni–cyclopentadienyl ligand interactions. This is illustrated by the 

observation that, at low concentration or at elevated temperature in a coordinating or polar 

solvent, depolymerization of the polynickelocene occurs. A study of this dynamic polymer-

monomer equilibrium by 1H NMR spectroscopy allowed for determination of the associated 

thermodynamic parameters. Microrheology data, however, indicated that under similar 

conditions the polynickelocene is considered to be static on the shorter, rheological timescale.  
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Introduction 

Metallopolymers combine the inherent functionality of metal centres with the mechanical 

properties and processing advantages of macromolecules.1-3 In many cases the binding of the 

metal ions within the ligating 1D architecture is strong and static in nature, leading to 

materials with a range of useful properties but which resemble traditional covalent polymers. 

In contrast, the use of weak and labile metal-ligand interactions leads to 

metallosupramolecular materials which exhibit dynamic behaviour.4, 5 This diversity in 

structure and dynamics has facilitated a myriad of applications that include self-healing,6, 7 

light emission,8, 9 photovoltaics,10, 11 stimuli-responsive behaviour,12, 13 catalysis,14 

information storage,15 antibacterial activity,16 and nanopatterning.17-19 

Main-chain polymetallocenes based on ferrocene, such as polyferrocenylsilanes (PFSs) (Fig. 

1a), represent a well-studied field of metallopolymers and exemplify a static system with 

strong, persistent covalent Fe–Cp (Cp = cyclopentadienyl) interactions. These materials 

contain Fe centres with 18 valence electrons (VEs) and are prepared via the ring-opening 

polymerization (ROP) of strained [1]- or [2]ferrocenophane monomeric precursors. These 

monomers are examples of [n]metallocenophanes (1, Fig. 1b) where the inherent ring strain 

acts as a thermodynamic driving force for the ROP process.20, 21 This strain can be quantified 

by the angle between the Cp ring planes (α) and several other structural parameters (Fig. 1b). 

Polymetallocenes and related materials based on metals other than iron are less common but 

are also accessible via ROP of strained precursors.20, 22-24 For example, 

dicarba[2]cobaltocenophane 2 (Fig. 1c), containing a 19 VE Co centre, undergoes thermal 

ROP and subsequent oxidation to yield poly(cobaltoceniumethylene) ([PCE]+), a water-

soluble polyelectrolyte with main-chain cobaltocenium units (Fig. 1a).25 These materials 

contain cobaltocenium units with 18 VE which feature strong Co–Cp bonds and also exhibit 

static behaviour.26 
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Diamagnetic polymetallocenes such as PFS and [PCE]+ feature repeat units with 18 VE metal 

centres. In contrast, paramagnetic analogues of these polymetallocenes such as 17 VE [PFS]+ 

and 19 VE PCE (Fig. 1a) are insoluble in common organic solvents, and the preparation of 

soluble polymetallocenes with unpaired electrons represents an undeveloped field, with very 

limited examples of these types of polymers.27-29  

Nickelocene, which possesses 20 VEs and a triplet (3A2) ground state, accommodates two 

electrons in antibonding orbitals. This results in elongation of the Ni–Cp bond (Ni–Cpcent 

distance = 1.817(1) Å), relative to the corresponding values found in cobaltocene (19 VE, 

Co–Cpcent = 1.726(1) Å) and ferrocene (18 VE, Fe–Cpcent = 1.643(2) Å), and subsequent 

weakening.30 As a result of the trend in M–Cp bond length, the tilt angle, α, of structurally 

analogous [n]metallocenophanes increases from Fe to Co to Ni. For example, tilt increases 

from the tricarba[3]ferrocenophane 3 (α = 10.3°) to the tricarba[3]cobaltocenophane 4 (α = 

12.0°), but both of these species resist attempted ROP (Fig. 1c). In contrast, we recently 

showed that tricarba[3]nickelocenophane (5) is significantly more tilted (α = 16.6°) and 

undergoes spontaneous ROP in pyridine at ambient temperature to yield the soluble magnetic 

main chain polynickelocene 7, containing S = 1 spin centres.29 This material was shown to be 

of high molar mass (weight average molar mass Mw = ca. 40,000 g mol–1) based on dynamic 

light scattering (DLS) studies in THF, and analysis by MALDI-TOF indicated the presence of 

both cyclic and linear components. Paramagnetic polynickelocene 7 was also found to exhibit 

significant antiferromagnetic spin-spin interactions, with evidence for intramolecular spin-

spin coupling along the polymer chains.29 Herein we demonstrate that, as a consequence of 

the weaker Ni–Cp bonds (M–Cp dissociation energy is 250 kJ mol–1 for nickelocene vs. 305 

kJ mol–1 for ferrocene),31 polynickelocene 7 can exist in either a static or labile state, and in 

the latter case forms a dynamic equilibrium with monomer 5 and small amounts of cyclic 

oligomers 6x, under a range of conditions (Fig. 1d).  
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Results and Discussion 

In order to obtain more detailed insight into the unusual solution polymerization of 5 in the 

absence of an externally added initiator, we studied the ROP (0.79 M 5, 25 °C) in d5-pyridine 

by paramagnetic 1H NMR spectroscopy (Supplementary Fig. 1). The solution changed from 

the characteristic blue colour of 5 to green as 7 gradually formed. Broad singlets were 

observed in paramagnetic regions of the 1H NMR spectrum after 24 h, which could be 

assigned to the Cp ring protons of both polymer 7 (δ = –250.0 ppm (η5-C5H4)) and monomer 

5 (δ = –245.4 and –270.9 ppm (α and β η5-C5H4 protons, respectively)). Protons at the α and β 

positions in the propyl spacer of the polymer 7 were also observed at 176.9 and 9.6 ppm 

respectively. The β protons of monomer 5 were observed at –29.0 ppm (α protons are not 

observed, as reported previously).29 Integration of the shifts corresponding to Cp protons at 

high field after 24 h indicated that ca. 69% of the [3]nickelocenophane monomer 5 had been 

converted to polynickelocene 7. Extension of the reaction time to 7 days with in situ 1H NMR 

spectroscopic analysis led to only a slight further conversion of 5 to 7, suggesting that the 

polymerization is essentially complete after 24 h and that an equilibrium between monomer 

and polymer was present. In addition to shifts assigned to either monomer or polymer, four 

small resonances were observed in the region of polymer α-CH2 protons, at 266.8, 197.3, 

185.2 and 181.6 ppm. We assign these to cyclic oligomeric species 62–65 (dimer, trimer, 

tetramer and pentamer respectively: see below). 

The percentage monomer conversion was therefore similarly investigated as a function of 

time over five additional concentrations (range: 0.04 – 1.31 M) to yield a series of six 

polynickelocene samples in total, 7a–7f. The 1H NMR spectra for the formation of 7a–7f from 

5 after 48 h in d5-pyridine are shown in Fig. 2. 1H NMR spectroscopic analysis revealed that 

performing the ROP at higher concentrations increased both the conversion of monomer 

(determined by integration of Cp resonances in the 1H NMR spectrum), and the yield of 
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polymer isolated after precipitation (Table 1). The discrepancies between the monomer 

conversion observed by 1H NMR spectroscopy and the yield of isolated polymer presumably 

result from the formation of cyclic oligomeric species, (at 266.8, 197.3, 185.2 and 181.6 ppm, 

for 62–65, respectively), which do not precipitate from solution upon work up. These cyclic 

oligomer resonances are particularly evident in the 1H NMR spectrum of the polymerization 

mixture for the case of 7c (0.44 M) (Fig. 3a). After the first precipitation of polymer 7c, an 

enhancement of these resonances in the 1H NMR spectrum of the supernatant washings was 

observed (Fig. 3b), in addition to observation of resonances for 66, 67 and 68 (at 180.0, 179.4 

and 178.9 ppm respectively), indicating the hexane-solubility of these oligomeric species. 

Electrospray ionization mass spectrometry (ESI-MS) also provided evidence for cyclic 

oligomers 62, 63 and 64 (Supplementary Figs 2−6) similar in nature to reported cyclic 

oligomeric ferrocenes.32, 33 The cyclic vs. linear nature of these oligomers is highly likely, as 

no end groups were detected by 1H NMR or by ESI-MS. The overall observed concentration 

dependence confirmed that tricarba[3]nickelocenophane 5 and polynickelocene 7 exist in 

dynamic equilibrium in pyridine solution. The presence of cyclic species in reversible 

polymerisations is known for several systems (e.g. polysiloxanes, polyesters, polyamides).34, 

35 

The solvent dependency of the equilibrium between 5 and 7 has been investigated by a 

number of polymerization and depolymerization experiments, with initial equilibration rates 

found to be in the order pyridine > CH2Cl2 > THF ≈ 1,2-difluorobenzene > benzene ≈ toluene 

(Supplementary Figs 7 and 8). The equilibration process in benzene and toluene is 

particularly slow at ambient temperature and polynickelocene 7 can be regarded as essentially 

stable and static under these conditions (only ca. 15% retroconversion of 7 to 5 was detected 

in toluene even after 1 month). The mechanism for the equilibration process in donor solvents 

presumably involves cleavage of the Ni–Cp bond and coordination of solvent to the resulting 
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14 VE nickel-centred cation (see schemes in Supplementary Figs 9 and 10), with propagation 

occurring by either a chain growth or step growth mechanism (or a combination of both). 

Consistent with the proposed mechanism, coordination of two-electron donors such as N-

heterocyclic carbenes and monodentate phosphines is well-known for nickelocene,36, 37 with 

an associated haptotropic Cp ring shift from η5 to η1 coordination at nickel. Substitution of 

one Cp ring in nickelocene has also been observed using neutral ligands such as borolenes,38 

azaphospholes,39 cyanoalkynes, and trifunctional phosphines.40  

Although 1H NMR spectroscopy provided insight into the monomer-polymer equilibrium, 

this approach cannot be used to determine the molar mass of polymer 7 as a function of 

concentration as no end groups were evident. As the equilibration was found to be very slow 

in toluene, comparative values of Mw were determined in this solvent. Samples of polymers 

7a, 7b and 7c in pyridine at concentrations of 1.31 M, 0.79 M, and 0.44 M, were prepared and 

isolated and each material was then examined by DLS at a concentration of 1 mg mL–1 in 

toluene (Supplementary Figs 11–13). As anticipated, the value of the hydrodynamic radius, 

Rh, for 7c (3.2 nm) was found to be significantly smaller than those of both 7b and 7a, which 

were similar within experimental error (6.3 and 5.7 nm respectively (Table 1)) and were 

affected by solubility issues (see Supplementary Information, section 5 for details). The 

smaller value for 7c is consistent with the expectation that, as the concentration of the ROP 

reaction decreases, the molar mass of the resulting polymer should also decrease.41 The molar 

masses calculated from Rh values determined by DLS (Table 1 and Supplementary Table 1) 

are relative to calibrants. We therefore also determined the values of Mw using Small Angle 

X-ray Scattering (SAXS), which is an absolute method (see Supplementary Figs 14–16 and 

Supplementary Information, section 6 for details).42 This gave values for 7b and 7c of 20,000 

g mol–1 and 6,400 g mol–1 (Table 1), significantly lower than the relative values estimated 
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from Rh data, but in the expected order based on initial monomer concentration (see 

Supplementary Information, section 6 for details).  

Several addition polymerizations of organic monomers have been shown to be reversible 

under certain conditions that permit equilibration of polymer and monomer, and these are 

exemplified by the cases of methyl methacrylate, α-methylstyrene and isobutylene.43-46 

Examples of reversible ROP processes are also known for organic cyclic species, for example 

THF in the presence of Lewis acids and cyclopentene in the presence of certain metal 

alkylidene complexes.41, 47, 48 Most of the known reversible polymerizations are characterized 

by small, favourable (negative) values of ΔH and unfavourable (negative) values of ΔS. As 

the temperature of such a polymerization increases, the importance of the entropic TΔS term 

to the overall free energy of the system, ΔG, also increases and depolymerization is favoured. 

Other examples, such as the 8-membered inorganic rings S8 and [Me2SiO]4 are highly 

unusual in that ΔS is favourable (positive) and depolymerization is favoured at lower 

temperature.35 Detailed studies of reversible polymerizations as a function of temperature 

allowed the key thermodynamic parameters ΔH and ΔS to be determined. The reversible 

equilibration between 5 and 7 represents a unique example of a ROP system involving a 

transition metal centre. Therefore to provide additional fundamental insight, we explored the 

influence of temperature on the position of equilibrium between these two species.  

The polymerization of monomer 5 was conducted under ROP conditions (d5-pyridine, 0.44 

M, 24 h) that, at room temperature (20 °C), result in ca. 50% monomer conversion at 

equilibrium (conditions used to form sample 7c). The mixture was equilibrated for 24 h at a 

range of different temperatures from –5 to 60 °C, and was then analysed by in situ 1H NMR 

spectroscopy (Fig. 4). The results (summarized in Supplementary Table 2) confirmed that 

temperature significantly affects the position of the equilibrium, with monomer 5 favoured at 
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high temperatures and polymer 7 favoured at low temperatures (e.g. at 60 °C, only 29% 

conversion to 7 was detected, whereas at –5 °C, conversion to 7 increased to 70%). 

This dynamic equilibrium between monomer 5 and polymer 7 was analysed using equations 

1–3.41 

ln[M]c  =  
∆H0

ROP

RT
  –  

∆S0
ROP

R
              (1) 

∆GROP  =  ∆G0
ROP  +  RTlnK              (2) 

Tc  =  
∆H0

ROP

∆S0
ROP + Rln[M]c

              (3) 

Equation 1, an adaption of the Van’t Hoff equation, allows values of ΔH0
ROP and ΔS0

ROP
 to be 

determined from a plot of equilibrium monomer concentration [M]c against reciprocal 

temperature (Supplementary Table 3, Fig. 5a). This gave ΔH0
ROP = –10 kJ mol–1 and ΔS0

ROP 

= –20 J K–1 mol–1. The enthalpy of ROP for 5 is comparable to that for moderately strained 

rings such as THF (ΔH0 = –19 kJ mol–1) and hexamethylcyclotrisiloxane (ΔH0 = –23 kJ mol–

1).35 The ΔS0 value is significantly less negative than that of THF (ΔS0 = –74 J K–1 mol–1), 

and slightly more negative than that of hexamethylcyclotrisiloxane (ΔS0 = –3 J K–1 mol–1).35 

This entropy of ROP is relatively small in magnitude, and is likely a reflection of the 

conformational flexibility of polymer 7, which contains metallocene units that exhibit free 

rotation around the Cp–Ni–Cp axis relative to the constrained ring 5, and this would partially 

compensate for the normal loss of translational entropy associated with a polymerization.  

Reversible polymerization of [n]metallocenophanes has not been previously observed and 

this report represents the first determination of the entropic term associated with their ROP. 

At ambient temperatures, the values of ΔH0
ROP and TΔS0

ROP for the transformation of 5 to 7 

are of similar magnitude. This results in a very small value for ∆G0
ROP (2.5 kJ mol–1) which 

explains the reversibility detected. Although comparatively little is known about 
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thermodynamics for the ROP of [n]metallocenophanes, HROP values have been estimated in 

several cases using differential scanning calorimetry analyses of ROP exotherms. The data 

supports the assertion that the ROPs are strain driven and values for ΔHROP range from ca. 

130 kJ mol–1 (for thia[1]ferrocenophane 8: tilt angle α = 31.0°),49 to ca. 12 kJ mol–1 (for 

carba(phenyl)phospha[2]ferrocenophane 9: α = 15.0°) (Fig. 1e).50 The carbasila-bridged 

[2]ferrocenophane 10 (α = 11.8°) is resistant to ROP, presumably due the reduction in strain 

compared to 8 and 9 (Fig. 1e).50 The enthalpy change associated with the ROP of 5 (ΔH0
ROP 

= –10 kJ mol–1) is similar in value to that for 9 (α = 15.0°), with which it has a comparable tilt 

angle (16.6°). In the case of 9 reversible ROP does not occur, presumably as a result of the 

negligible lability of the Fe–Cp bonds. 

In order to provide a direct comparison of the “strain” associated with tilt in both ferrocene 

and nickelocene, calculations of the bending energy of the metallocene Cp rings as a function 

of tilt angle were performed (Fig. 5b, Supplementary Table 4). As expected, the energy of 

nickelocene increases with tilting, in a qualitatively similar manner to ferrocene.51 However, 

the energy penalty is consistently smaller than that for ferrocene at all calculated values of α. 

For example, at α = 15°, the total energy of ferrocene is ca. 14 kJ mol–1 higher than that of 

nickelocene, which is presumably manifested in the longer, weaker Ni–Cp bond and the 

consequential ease of bending about the Cp–Ni–Cp axis. As noted above, the reported 

experimental ROP exotherm for 9 (ΔHROP = ca. –12 kJ mol–1) is the same as that calculated 

for 5 within experimental error. However, it is clear from Fig. 5b that, even though the tilt 

angles of 5 and 9 may be similar, the total energy increase on tilting is expected to be higher 

for the ferrocenophane than the nickelocenophane. We assume that the bulkier side groups 

present on the bridge in 9 compared to those in 5 reduces the observed enthalpy of 

polymerization to a value close to that for the latter species.  
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We also investigated the rheological behaviour of polynickelocene 7 in pyridine in order to 

gain further insight into the static/dynamic behaviour of this material (e.g. complex viscosity, 

Supplementary Fig. 17). In general, the application of stress to a sample of entangled polymer 

chains results in relaxation via the diffusion of a singular chain relative to those in close 

proximity (reptation). In supramolecular polymers, an additional relaxation mechanism, chain 

scission, is also available and, depending on the relative lifetimes (τbreak and τrep), may 

dominate the rheological behaviour. The rheology of such solutions can be probed under inert 

atmosphere using DLS microrheology (see Supplementary Information, section 10 for 

details). A model for the dynamic properties of worm-like micelles has been developed by 

Cates,52 and has recently been applied to reversible coordination polymer networks based on 

neodymium.53 The total relaxation time (τ) scales with concentration (C) by an exponent, A 

(equation 4). 

τ  ~  CA            (4) 

In the reptative regime (τbreak ≫ τrep), A = 1.2, whereas “unbreakable chains” (τbreak ≥ τrep) are 

characterised by A = 3.4. Obtaining τ for 7 from plots of the elastic and viscous moduli (Gʹ 

and Gʺ respectively, Supplementary Fig. 18), the exponent A was found to be ca. 5.5 for 

polymer 7 (Supplementary Fig. 19 and Supplementary Table 6). The observation of a larger 

value is likely due to the increase in molecular mass with concentration, and associated 

increase in reptation tube length, causing τrep to increase above the expectation based solely 

on the increased number of entanglements. Furthermore, significant changes in molecular 

weight are not accounted for by the model,52 nor are they observed for typical supramolecular 

polymers, which normally have much larger association constants. These results therefore 

indicate that 7 behaves as a static polymer on the short rheological timescale (ca. 5 s) at room 

temperature. This is consistent with the relatively slow rate of polymer chain scission 

detected in depolymerization experiments (equilibrium is reached after ca. 24 h at 20 °C).  
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Conclusion 

We have found that, as a result of the lability of the Ni–Cp bonds, a main chain 

polymetallocene based on nickelocene (7) behaves as a dynamic species in coordinating and 

polar solvents, as illustrated by the observation of a reversible equilibrium with the 

corresponding [3]nickelocenophane monomer 5 and cyclic oligomers 6x. Detailed studies of 

the equilibrium as a function of temperature have allowed the determination of the key 

thermodynamic parameters that characterise the ROP process and revealed a small, 

favourable value of ΔH (–10 kJ mol–1) together with a very small and unfavourable value of 

ΔS (–20 J K–1 mol–1). The former is a consequence of the relatively low energy penalty for 

tilting nickelocene, evidenced by DFT calculations, whereas the latter appears to be an 

intrinsic feature of the ROP of metallocenophanes. The virtual free rotation about the 

metallocene units in the polymer main chain, where the metal centre approximates to a “ball-

bearing”,54 may well contribute to the conformational flexibility in the polymer leading to the 

low ΔS value. The studies also showed that the rate of polymer chain scission is relatively 

slow, even in polar and coordinating solvents, and this was confirmed by microrheological 

studies, which indicated that the polynickelocene 7 behaves as a static material on the 

relatively short rheological timescale at room temperature. Polynickelocene 7 is a rare 

example of a readily accessible and easily handled soluble magnetic polymetallocene, and 

further development of this and analogous materials will be of considerable interest with 

respect to their responsive, magnetic,29 and redox properties (see Supplementary Figs 20–22). 

Also of interest will be their dynamic behaviour in the bulk state at moderately elevated 

temperatures (even ferrocenes undergo Fe–Cp ligand exchange at 250 °C).55 
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Methods 

Synthesis of 5. The synthesis of 5 involved a modified literature procedure.29 The reaction of 

the ligand Li2[(C5H4)2(CH2)3] with NiCl2 was carried as described, but at 40 °C (vs. –78 °C in 

the original report), which resulted in the yield increasing from 17% to 44%. 

Concentration dependency of the ROP of 5. In an example reaction, 5 (90 mg, 0.393 

mmol) was dissolved in d5-pyridine (0.5 mL) to afford a dark blue solution (0.79 M, sample 

7b). The solution was stirred at room temperature for 24 h (at low concentrations, no colour 

change was observed, and at higher concentrations a colour change from blue to green was 

evident). 1H NMR spectra were recorded after 24 h, 48 h and 7 days. 1H NMR (48 h, 500 

MHz, d5-pyridine: δ [peak width at half height] = 266.8 [788 Hz] (62: br s, C5H4–CH2–CH2–), 

197.3 [511 Hz] (63: br s, C5H4–CH2–CH2–), 185.2 [468 Hz] (64: br s, C5H4–CH2–CH2–), 

181.6 (65: overlapping br s, C5H4–CH2–CH2–), 176.9 [435 Hz] (7: br s, C5H4–CH2–CH2–), 

9.6 [140 Hz] (7: br s, C5H4–CH2–CH2–), –29.0 [212 Hz] (5: br s, C5H4–CH2–CH2–), –245.4 

[704 Hz] (5: br s, α-C5H4), –250.0 [1207 Hz] (7: br s, C5H4), –270.9 [836 Hz] (5: br s, β-

C5H4) ppm. 

Polymeric material was isolated in the cases of 7a, 7b and 7c (1.31, 0.79 and 0.44 M initial 

monomer concentration respectively) via precipitation of the polymerization solution (0.5 

mL) into rapidly stirred hexanes (30 mL). The green solid was isolated, dissolved in a 

minimum volume of THF (0.5 mL), and quickly precipitated again into hexanes (30 mL). 

The precipitate was isolated and dried in vacuo to yield green polymeric material in yields of 

62, 30 and 21% respectively for 7a, 7b and 7c. 

The supernatant solution of the first precipitation of 7c revealed an increase in proportion of 

cyclic oligomers. 1H NMR (500 MHz, d5-pyridine/hexanes: δ [peak width at half height] = 

266.9 [709 Hz] (62: br s, C5H4–CH2–CH2–), 197.1 [412 Hz] (63: br s, C5H4–CH2–CH2–), 
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184.8 [334 Hz] (64: br s, C5H4–CH2–CH2–), 181.3 [276 Hz] (65: br s, C5H4–CH2–CH2–), 

180.0 (66: overlapping br s, C5H4–CH2–CH2–), 179.4 (67: overlapping br s, C5H4–CH2–CH2–

), 178.9 (68: overlapping br s, C5H4–CH2–CH2–), 177.0 (7: overlapping br s, C5H4–CH2–

CH2–),. ESI-MS (positive mode): m/z 228.0443 [5]+, 456.0895 [62]+, 684.1345 [63]+, 

912.1796 [64]+. 

Temperature dependency of the ROP of 5. In an example experiment 5 (50 mg, 0.219 

mmol) was dissolved in deuterated pyridine (0.5 mL) to afford a dark blue solution of 

concentration 0.44 M, and added to an NMR tube. The sample was held at the desired 

temperature for 24 h and then a 1H NMR spectrum was recorded at that temperature. 1H 

NMR (500 MHz, d5-pyridine, data provided at 5 °C): δ [peak width at half height] = 288.3 

[1085 Hz] (62), 210.7 [660 Hz] (63), 197.1 [570 Hz] (64), 188.0 [655 Hz] (7: br s, C5H4–CH2–

CH2–), 10.2 [213 Hz] (7: br s, C5H4–CH2–CH2–), –31.4 [591 Hz] (5: br s, C5H4–CH2–CH2–), 

–264.0 [1074 Hz] (5: br s, α-C5H4), –268.7 [1041 Hz] (7: br s, C5H4), –291.37 [1121 Hz] (5: 

br s, β-C5H4) ppm. 
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Figure 1. Summary of monomer [n]metallocenophanes and polymetallocenes. a) Examples 

of diamagnetic and paramagnetic main chain polymetallocenes based on iron and cobalt: 

polyferrocenylsilane (PFS) and polycobaltocenylethylene (PCE). b) Geometric parameters 

that characterize the structural distortions, and hence the ring strain, in [n]metallocenophanes 

(α = dihedral angle between the plane of each Cp ring, β = [180° – (Cpcent–Cipso–Si angle)], δ 

= Cpcent–Fe–Cpʹcent angle). c) Hydrocarbon-bridged [n]cobaltocenophanes and 

[n]ferrocenophanes, showing the effect of the nature of the bridging moiety and M–Cp bond 

on the degree of Cp ring tilt. d) Reversible polymerization of tricarba[3]nickelocenophane 

monomer 5 (blue solution) to yield cyclic oligomers 6x, and polynickelocene 7 (isolated as a 

green solid). e) Examples of [n]ferrocenophanes with various ansa-bridging moieties and 

their respective tilt angles. 
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Figure 2. Stacked 1H NMR spectra (500 MHz, d5-pyridine, 25 °C) showing the effect of 

initial monomer concentration on the conversion of tricarba[3]nickelocenophane monomer 5 

to polynickelocene 7. 1H NMR spectra of a range of initial concentrations of 5 from 0.04 to 

1.31 M (t = 48 h, 25 °C) are shown, and resonances of the cyclopentadienyl and bridging CH2 

groups are labelled for monomer 5 and polymer 7. At low concentrations, there is negligible 

conversion to polymer, and as concentration increases, the conversion to polymer also 

increases (for effect of concentration on the yield of 7 see Table 1). 
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Figure 3. Example 1H NMR spectra showing the presence of cyclic oligomers 6x in 

equilibrium mixtures of monomer 5 and polymer 7. a) Selected region of 1H NMR spectrum 

(500 MHz, d5-pyridine, 25 °C) of polymerization mixture for 7c (0.44 M, d5-pyridine, 24 h), 

showing the resonance of bridging C5H4–CH2–CH2 groups in polymer 7c and a number of 

cyclic oligomers 6x (x = 2–8) with the resonance corresponding to each oligomer decreasing 

in value with increasing degree of oligomerization (x). b) Selected region of 1H NMR 

spectrum of supernatant from the polymerization mixture for 7c (500 MHz, d5-

pyridine/hexanes) after removal of sufficiently high molecular weight polymeric material by 

precipitation once into hexanes, showing enhanced resonances assigned to cyclic species. 
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Figure 4. Stacked 1H NMR spectra (500 MHz, d5-pyridine) showing the effect of 

temperature on the reversible conversion of monomer 5 to polymer 7 (initial monomer 

concentration = 0.44 M, t = 24 h). Within the equilibrium mixture, polymer 7 is favoured at 

lower temperatures. 
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Figure 5. Influence of metallocene ring tilt on thermodynamic parameters characterising 

ring-opening processes in [n]metallocenophanes. a) Van’t Hoff plot showing the relationship 

between loge of the equilibrium monomer concentration and reciprocal temperature for the 

ROP of 5, with enthalpic and entropic parameters for the polymerisation displayed (see 

Supplementary Table 3). b) Variation of the total energy of ferrocene and nickelocene as a 

function of the tilt angle (α), derived by computational methods (Supplementary Table 4). 
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Sample 
Conc. 

(M) 

% of 7 (1H NMR) Yield of 

7 (%)a 

(at 32 h) 

DLSe SAXSh 

24 h 48 h 7 days Rh (nm) σf 
Mw 

(g mol–1)g 

Mw
 

(g mol–1)i 

7a 1.31 79.2 78.9 78.6 62 5.7c 3.8 50,900g j 

7b 0.79 68.5 69.0 71.0 30 6.3c 5.0 61,200g 20,000k 

7c 0.44 43.5 48.5 47.6 21 3.2d 2.9 17,600g 6,400k 

7d 0.22 13.0 20.6 24.8 b – – – – 

7e 0.11 2.9 4.3 10.7 b – – – – 

7f 0.04 2.9 2.9 4.8 b – – – – 

Table 1. Effect of initial monomer concentration on conversion of monomer 5 to polymer 7 

at room temperature (ca. 20 °C) in d5-pyridine. aIsolated yield (via two precipitations of 

polymer solution into hexanes, then drying in vacuo). bNo polymer could be isolated via 

precipitation into hexanes. cPolymer only partially soluble in toluene at 1 mg mL–1. dPolymer 

fully soluble in toluene at 1 mg mL–1. eDLS experiments carried out on toluene solutions of 

polymers. fStandard deviation across DLS measurements. gEstimated in toluene by means of 

calibration with Rh/Mw correlations for poly(ferrocenyldimethylsilane) in THF. hScattering 

experiments carried out on toluene solutions of polymers. iCalculated using polymer density, 

DP = 1.26 g cm–3. jSolubility of 7a in toluene too low to allow for sufficient scattering 

intensity. kAbsolute value of Mw determined in toluene. 

 


